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SECYION 1 
INTRODUCTION 


The use of space Is already affecting the lives of most of the peoples of 
the world, directly or indirectly. Space, because of Its unique vantage point 
for observations, vacuum, and nullified gravity effect, offers potential appli- 
cations impossible to achieve on Earth. The first United States manned flights 
Into space, taken only a few years ago, were directed toward demonstrating the 
feasibility of space flight. Mercury and Gemini program flights were made pri- 
marily to evaluate, in successively longer flights, the ability of men to live 
and work safely in space. The next manned space program, Apollo, culminated in 
six successful landings on the tfoon, and demonstrated that the direct involve- 
ment of man in space flight was of Inestimable value iu the performance of ex- 
periments, observation of new phenomena, and operation of the spacecraft. 

The Skylab program (ref. 1) was a logical continuation in the manned ex- 
ploration of space and the development of space applications. The Apollo program 
had left some important questions unanswered. The long-range physiological and 
psychological effects of weightlessness on man were unknown. Nor was it known 
if man could perform varied and comple:. tasks for an extended time in space. 

There was also Interest in whether the vacuum and zero gravity could be used to 
realize economic returns. To answer these and many other questions, the Apollo 
Applications program, later renamed the Skylab program, was instituted. A number 
of proven flight designs, along with existing ground facilities, launch vehicles, 
and other hardware left from the Apollo program, were to be used. 

This program led to the design of the Saturn Workshop, which together with 
the command and service module made up the Skylab vehicle, the first United States 
space laboratory. Its capabilities derived, not from a major technological break- 
through, but from a combination of existing components and new designs. Unlike 
our previous manned spacecraft, the Saturn Workshop contained a habitable volume 
large enough to allow the crew to move about freely and a source of power which 
was not limited by an expendable supply of luel. 

Five major objectives evolved for Skylab: to determine man's ability to live 
and work in space for extended periods, to determine and evaluate man's aptitudes 
and physiological responses to space and his adaptation after returning to Earth, 
to advance techniques of solar astronomy beyond the limits of Earth-based observa- 
tions, to develop improved techniques for surveying Earth resources from space, 
and to add to knowledge in other scientific and technological fields. The Saturn 
Workshop was designed to support these objectives. 

The launch vehicle provided the payload capability for inserting into Earth 
orbit the facilities, equipment, and Instruments required to conduct an extensive 
experiment program. The number and variety of these experiments greatly axceedea 
those of any previous flight. Designed to satisfy the stated program objectives, 
the experiments fell into several broad categories. One was a group of biological 
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and medical experiments to provide data on the physiological reactions of the 
crews to prolonged exposure to the space environment. There were several groups 
of experiments concerned with science, technology, and space applications. These 
Included observations of the Sun and sky, observations of the surface of the 
Earth, and the application of weightlessness and vacuum. Later, some experiments 
developed by high school students were incorporated into the scheduled program 
and several science demonstrations were introduced. 

On May 14, 1973, the Sky lab mission began with the launch of the Saturn 
Workshop into a nearly circular orbit at an altitude of approximately 435 kilo- 
meters and at an inclination of 50 degrees from the Earth's Equator. This alti- 
tude was high enough above the Earth's atmosphere to eliminate optical interfer- 
ence and excessive aerodynamic drag, yet low enough to allow a large payload and 
high orbit Inclination within the performance capability of the laun':h vehicle. 

The area of view at 50 degrees inclination included most of the populated and 
food-producing areas of the Earth. 

The mission lasted 2/2 days, during which time nine men in three different 
three-man crews manned the Skylab for periods of 28, 59, and 84 days. Despite 
some problems, the total time which the crews spent onboard the Skylab substan- 
tially exceeded that tdilch had been planned. Furthermore, the crews performed 
both scheduled and unscheduled operations with less difficulty than had been 
anticipated. 

The achievements of the Skylab program greatly surpassed expectations. One 
measure of success of the program is a comparison of actual and planned perform- 
ance of experiments. Goals were exceeded by a significant percentage in most 
experiment categories; biomedical — 32 percent; solar physics — 27.5 percent; Earth 
observations — 60 percent; astrophysics — 1C5 percent; engineering, technology and 
space manufacturing — 10 percent; and student investigations — 18 percent. The ex- 
tent of the work accomplished by the crews in the conduct of experiments demon- 
strated man's ability to accomplish useful and meaningful work in space. The ex- 
tent of the repairs, far beyond that envisioned before flight, and the alternative 
operational modes that were developed during the mission to counteract problems 
demonstrated anew the value of man in certain space missions. 

The success of the Skylab mission means that the foundation for future or- 
bital stations has been significantly enhanced. Except for food production and 
the recycling of wastes, few advances beyond present space technology should be 
required for extremely long missions. For shorter missions, the vast aggregation 
of flight-proven hardware can contribute greatly to a useful Inventory of stand- 
ardized, low-cost space components and systems for both manned and unmanned 
programs. The procedures used in design, development, simulation, and operation 
of Skylab, with minor modifications, are also applicable to future programs. 

This report contains the major results of the Saturn Workshop evaluation 
that was accomplished to support the mission and to determine performance in 
detail. This evaluation contributed to the success of the mission and the safety 
of the crew through determination of anomalous performance and system trends, 
thereby permitting real-time actions to solve or compensate for problems. The 
report also contains a brief description of the Saturn Workshop configuration, 
a summary of the mission and operations, and brief descriptions of the various 
systems. Performance of major systems of the Saturn Workshop are reported in sep- 
arate sections. The report is based prlmariJy on the systems technical reports 
(ref. 2 through 12). 
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This report Is llmltedi to the Saturn Workshop, and to those experiments 
that were the responsibility of the Marshall Space Flight Ceii',er. It also in- 
cludes the evaluation of integration into the Saturn Workshop of hardware or 
experiments developed by others. The evaluations of the launch vehicle and 
launch, by Marshall Space Flight Center and Kennedy Space Center, are ’ .-^d 

in teferences 13 and 14. Crew performances and hardware and experime<’ iiv devt 
oped by Johnson Space Center are reported in references 15 through 17 Other 
informacion concerning Skylab can be found in references 18 through 50. The 
reference list does not include experiment reports, idilch will be issued In the 
future . 

This report has been prepared to serve as a useful reference to those in- 
volved in future space applications as well as those who were involved in the 
design, development, operation, or utilization of Skylab. It is intended for 
general application and as a guide to areas of specific interest. Because of 
the broad range of subject matter, the depth of technical discussion has been 
restricted to rhat necessary to give a general understanding of each major 
topic. General terminology has been used in lieu of certain technical or spe- 
cific nomenclature used during the Skylab program. Units used in the design of 
the Saturn Workshop have been used in this report, resulting in some mixture 
between English units and those of the International System of Units. Time in 
days is referenced to the launch of the Saturn Workshop on Day 1, and daily 
time is given in Greenwich mean time. 
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SICTION 2 
CONFIGURATION 


This section presents some pertinent background Information that affected 
the Saturn Woricshop's configuration and an overall description of that configura- 
tion. It is a guide to the vehicle's general arrangement and size and, to a 
small degree, explains how it developed. 

Many factors influenced the design, and an important one, economics, led to 
an early decision to use hardware, where possible, that had been developed for 
other programs, especially the Apollo lunar program. This resulted first in a 
concept for the conversion in orbit of an existing launch vehicle stage into a 
habitable workshop. In this concept, the second stage of a manned Saturn IB 
launch vehicle would have a dual function. After reaching orbit, the second 
stage hydrogen tank would be drained of residual fuel and ve.nted. The crew would 
then transfer to the hydrogen tank and convert it into living quarters and a work- 
shop. The structural components not affected by hydrogen would be installed be- 
fore launch, but the crew would have to transfer all food, supplies, lighting, 
and other equipment from their stowage locations to the tank. This concept later 
became known as the "wet workshop." 

An airlock was required between the Apollo command module and the workshop 
to give the crew a means of egress to space for extravehicular activities. In ~-*.- 
dition, the airlock structure would provide a place for external stowage of ' 
pressure-gas bottles and other hardware. After achieving orbit, the commr- 
service module would dock to the airlock, and the crew would outfit the wf <- 
shop. 

During the Saturn Workshop conceptual design period, several independently 
launched experiment payloads were under development or consideration, as well as 
resupply vehicles to extend mission durations. One experiment payload, a solar 
observatory, was to be launched on a Saturn IB. It would have the necessary sys- 
tems to operate independently in orbit and could dock with a separately launch ed 
command and service module. When It became obvious that there were advantages in 
combining the workshop and experiment missions, a docking adapter with multiple 
docking ports was added to the workshop concept co permit docking of the various 
payloads. Including the solar observatory. 

Hardware procurement was begun. However, after the first lunar landing, a 
Saturn V launch vehicle became available from the Apollo lunar program. Since 
this vehicle using only two of Its three stages could place several times as great 
a payload In orbit as the Saturn IB, the Saturn V third stage (the same as the 
Saturn IB second stage) could be modified and fully equipped before launch. The 
"dry workshop" concept had many advantages, such as the capability for complete 
prelaunch checkout of hardware and systems, more time for crews to conduct use- 
ful work in orbit In lieu of transferring and installing equipment, and integra- 
tion into one payload of most of the experiments previously planned for separate 
launches. It would allow a larger control center for operating the solar observ- 
atory and longer periods of operation. Moreover, the solar observatory's Inde- 
pendent communication, electrical, and attitude control systems would provide the 
dry workshop with additional and in some respects dual capabilities in these 
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systems. Since the experiment payloads would no longer be launched separately, 
the docking adapter ports were reduced to two, one for normal use and one for 
rescue capability. 

Major design changes required to convert the launch stage into a dry workshop 
included elimination of the engines and other flight hardware, installation of 
experiment hardware and life support systems, and stowage of consumables (food, 
water, and so forth). The coimmnd and service module carrying the crew had to be 
launched separately since the dry workshop would have no flight testing to permit 
manrating it. 

Thus, economic factors, including the use of previously developed Apollo and 
Gemini hardware and the retention of hardware started for the wet workshop, had a 
major influence on the conceptual development and final design of the Saturn Work- 
shop. When launched, it contained all the .flements needed to sustain the crew and 
operations. Food and water ar^ stored on toard and the necessary hardware is pro- 
vided for collection and disposal of human wastes. There are provisions for sup- 
plying a breathable atmosphere and controlling temperature, pressure, and humid- 
ity. Electrical power is produced by direct conversion of solar energy, using 
two sets of solar arrays, one mounted on the workshop and the other on the solar 
observatory. The necessary system sensors, controls, communications devices 
are included so that decisions can be made and lmplemfci*ted either by the crew or 
ground controllers. Means of controlling precisely the orientation of tl ' Saturn 
Workshop are provide^ to facilitate the generation of required electrical power 
and the efficient collection of experiment data. 

The Saturn Workshop far exceeds in size and complexity any previous space- 
craft, It is a cluster of four separately manufactured modules and, when as- 
sembled in its flight configuration, is 86 feet long and weighs 195,000 pounds. 

The modules are designated, according -o their functions, the docking adapter, 
airlock, workshop, and solar observatory. Figure 2-1 identifies the individual 
modules and shows the designed configuration. The instrument unit, shown as 
part of the Saturn Workshop, is a functional part of the launch vehicle and 
becomes inactive after the Saturn Workshop is initially activated. An aerody- 
namic shroud covers the solar observatory, docking adapter, and airlock during 
launch, and is ejected after orbital insertion. Next, the solar ob:?ervatory is 
rotated 90 degrees from its launch position, clearing jhe primary (axial) port 
for command and service module docking. The solar arrays ai*d other components 
are then deployed to put the Saturn Workshop in its orbital configuration. 

This report covers performance of the integrated systems of the Saturn Work- 
shop; however, module nomenclature is used where necessary to identify the loca- 
tion of components or systems. Figure 2-2 is a cutaway view of these modules. 

When the command and service module is docked, the habitable volume of the Skylab 
is within the coimpand module, docking adapter, airlock, and vjorkshop. Certain 
components or systems are identified primarily with the Saturn Workshop’s habit- 
able volume (the docking adapter, airlock, and workshop), and, for convenience, 
these three modules are collectively referred to in this report as the laboratory. 

Docking of the command module and transfer of personnel and equipment is 
normally through the axial port of the docking adapter, but there is a backup or 
rescue port on the -Z axis. The docking adapter, 10 feet in diameter and 17 feet 
long, is che control center for the various solar. Earth observation, and metals 
and materials processing experiments. The equipment for the numerous experiments 
associated with each of these is located near their controls. The docking adapter 
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also provides stowage for the experliaents and other equipment 
photograph of the docking adapter looking forward toward the i 
and shows the radial arrangement. 
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Docking adapter looking aft toward the airlock hatch 





control panels, and much of the laboratory atmosphere support equipment. The con 
trol panels and other equipment are mounted radially. The hatch Usds aft Into 
.the lock tunnel which Is 5.S feet In diameter and 15 feet long (flR, ;.-5) , it 
has a hatch on each end to seal it off from the laboratory so that eatrave- 
^d.cular hatch on the cylinder vail can be opened to give the crewmen egrese to 
space. A view from outside looking into the lock compartment through the extra- 
vehicular hatch is shown in figure 2-6. The lock compartment contains the neces- 
sary equipment for the extravehicular activity and some other equipment anH stow- 
age. 
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Figure 2 5,— Looking aft Into the airlock lock compartnient 


G. EntrtfehlcjUr hitch 

C. Hindrills 

D. InsutitloR Mterlil 
C. Lock hatch 


Figure 2-6.- Extravehicular hatch looking into the airlock lock compartment 




G. Generil lll«tnittori llqhu 

H. Firt control parwU 

[ , [nUrcoK 

J. Fire eKtif»5uiiher 
It. hfatei Uiifc 

L. Television input sUtion 


ft, food coflUiriers 

0. Stowege cofitilneri (ring lockers) 

C. Horkshop entry hitch 

0 , Handriils 

t. Air clrculition docts 

r. Air Mixing chenber 


2-7.- Workshop forward compartment dome 
looking forward toward the airlock 



F, Food fr«ier 

G. Food stcr«gt contifners 
H* Experlaimt egulpnent 

[. Uastt nanigfmtnt conp^ftncnt v«ntl1it1on unit 


A. FHn viult 
I. Stowtge lockers 
C* A^r clmlitlon ducts 
0. ScfenUfIc ilrlocks 
E. Trishitrlock 


p* f " T 

V 










2-10 


The aft part of the workshop contains a smaller experiment area and the crew 
quarters. Part of the experiment area is shown in figure 2-9. Many of the ex- 
periments can be seen as well as some more control panels and other equipment. 
Figure 2-10 Is a view of tlie same area looking in tho opposite direction Into tlie 
wardroom. More experiment hardware is shown in this view as well as some of the 
equipment in the wardroom required to support the crew. The wardroom is used by 
the crew for cooking, eating, relaxing, ana, througli the circular window seen in 
the background, viewing the Earth. Some of the stowage lockers are visible. 
Figure 2-11 is a panoramic view to the right of the wardroom showing the waste 
management and sleep compartments. As can be seen from figures 2-9, 2-10, and 
2-11, the aft area of the workshop is oriented to a floor, walls, and ceiling. 

Aft of chis area is a large waste tank where trash is dumped. The trash air- 
lock for these dumps can be seen in figure 2-10. 
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Figure 2-9.- Aft workshop experiment area. 
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A lightweight shield designed to protect the workshop from the heat o£ direct 
solar radiation and from meteoroid penetration was torn off by aerodynamic forces 
during launch. Damage from this resulted In Che subsequent loss of workshop solar 
array wing 2 during separation of the Saturn Workshop from the Saturn V launch ve- 
hicle. These anomalies, described in detail In subsection 4.3, resulted In on 
orbital conflguraLlon slightly different from that designed. 


Lack of thermal protection because of the loss of the shield required devel- 
opment and deployment of a protective thermal shield for the side of the workshop 
exposed to the Sun. Tvo different shields were used. The first was deployed dur- 
ing Che first manned period through Che +Z scientific airlock, which Is on the 
side of the workshop normally facing the Sun. Because of potential deterioration 
of the material in this shield, another shield of different design was installed by 
the second crew during an extravehicular activity. Tills shield provided thermal 
protection during the remainder of the mission. A photograph of the flral Saturn 
Workshop orbital configuration is shown In figure 2-12. In the photograph, two 
corners of the first shield may be seen protruding from below the edges of the 
second shield. The absence of one workshop solar array Is evident. 


Figure 2-12,- Saturn Workshop in orbit. 






SICTION 3 
MISSION SUMMARY 


The mission of the Sky lab to accommodate men and conduct experiments over 
a long term operation was successful. Operation of Skylab's many complex sys- 
tems expanded man's knowledge of space science and technology and provided 
insight for future applications. General aspects of manned space station re- 
quirements such as redundancy, backup operations, maintenance, long duration 
habitability, and communications were tested. A benefit beyond the vast amounts 
of Immediately applicable Information gathered was practical experience on the 
degree of design sophistication and conservatism required in this environment 
for long term operation. This ^formation will help to estimate costs and Im- 
prove efficiency on future programs. 


The frequency and duration of the Skylab manned periods were based primarily 
on medical considerations, taking into account previous experience and following 
an Incremental Increase in duration for experimental purposes. The time between 
manned periods was used for preparing for the next launch and assessing mission 
results, including the condition of the crew. Rescue capability was possible by 
means of an expedited preparation and checkout of the next launch vehicle plus 
installation of the rescue kit in the command module. 


A preliminary mission pla , based on the established mission objectives and 
known constraints, was developed to guide hardware design. From this point re- 
finements and trade-offs were made until a final mission plan was developed. 

This plan called for placing the Saturn Workshop In a low Earth orbit to accom- 
modate three 3-man crews (fig. 3-1) for periods of 28, 56, and 36 days, respec- 
tively. Unmanned periods of 1, 60, and 30 days, respectively, were to precede 
the three manned periods, resulting in a planned mission of 231 days. 


The actual mission duration was 272 days, with manned periods of 28, 59, and 
84 days. Preceding the manned periods were three unmanned periods of 11, 36, and 
52 days. After the third crew left, ground control devoted the final 2 days to 
systems tests and preparations for orbital storage. The first unmanned period was 
extended to provide time for analysis, planning, fabrication, stowage, and train- 
ing for repairs made necessary by the launch phat>e anomaly. The second unmanned 
period was shortened to return a crew as quickly as possible to attend to space- 
craft repairs. The third unmanned period was extended so that the third manned 
period would coincide with prime opportunities for viewing the newly discovered 
Comet Kohoutek, The second and third manned periods were extended to obtain addi- 
tional experimental data. Figure 3-2 shows the overall mission profile, and the 
overall mission day reference is presented in table 3-1. 


The Saturn Workshop was active for the entire mission. Activities consisted 
essentially of experimentation and station operation. Whan a crew was onboard, 
experimentation was greatly increased, and, of course, the functions related to 
habitation were performed. Including crew leisure activities and recreation. 









Figure 3-1*- Skylab prime crews 
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Several activities not originally planned were performed as a result of opera- 
tional problems and the extensions of manned periods. Also, additional e?cperi- 
ments, tests, and demonstrations were made possible by better-than-expected crew 
’ efficiency. 
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Oa/s after launch) of Saturn Workshop 

Figure 3-2.- Mission profile. 

3.1 SATURN WORKSHOP LAUNCH 

The Saturn Workshop was launched (fig. 3-3) at 17:30 Gmt on May 14, 1973 
(Day 1), from Launch Complex 39A at Kennedy Space Center, Florida. Tlie launch ve- 
hicle consisted of the first two stages of e Saturn V. At 63 seconds into flight, 
there were indications that the workshop's meteoroid shield had deployed and that 
the workshop solar array wing 2 was no longer secured in its launch position. 

The Saturn Workshop separated from the second stage 591 seconds after launch. 

Two seconds later, all measurements from wing 2 went off scale, indicating some 
failure. Ac approximately 599 seconds after launch, the Saturn Workshop entered 
a nearly circular orbit at approximately 435 kilometers altitude, inclined 50 
degrees to the Equator. The orbital velocity was 7.649 km/ sec, and the period was 
approximately 93 minutes. Specific details concerning the launch vehicle perform- 
ance can be found in reference 13. 

The orbit had been planned to give a ground track which repeated about every 
5 days, for recurrent coverage of surface features of the Earth. However, the 
orbital insertion velocity was slightly high, causing the ground track to drift 
westward. A trim maneuver on Day 16 using the command and service module's re- 
action control system st'-t^iized a repeating ground track slightly west of that 
planned for the cl scion. A second trim maneuver, on Day 35, established a drift 
of the ground track that would move it back toward that planned. The space en- 
vironment parameters encountered were well within the safe ranges anticipated. 
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Figure 3^3-- Saturn Workshop launch, 

Comnunication between the Saturn Workshop and the ground was limited to the 
time the w^ehicle was within range of 1 of the 13 ground coinmunication sites loca- 
ted around the Earth. Ground contact was possiblr approximately 32 percent of 
the flight time, and individual site contacts varied between 2 and 11 minutes - 
In soiae cases the site antenna patterns overlapped, giving as much as 18 to 20 
minutes of continuous signal, and in other cases as much as 90 minutes elapsed 
b^rveen site contacts. The site locations and typical grounu tracks are shown 
in figure 3-4, The commurication ground sites were already established from pre- 
\rlous programs, and though Skylab's orbital inclination was considerably higher 
than that for previous manned flights, they were sufficient with some adjustments 
The upper inclination limit was constrained by launch vehicle performance, safety 
considerations such as where launch vehicle debris would fall, and where the crew 
could safelv land. 


3.2 FIRST UNMANNED PERIOD 
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contamination during the separation sec^uence. The Saturn Workshop then was maneu- 
vered into a gravity gradient attitude with the docking adapter pointed toward the 
center of the Earth. The refrigeration system, for maintaining the frozen food, 
was activated^ and the shroud covering the solar observatory and docking adapter 
was Jettisoned. The Saturn Workshop was then maneuvered to the solar inertial 
attitude and the solar observatory and its solar array were deployed. The final 
steps in this sequence would have been deployment of the workshop's solar array 
wings and the meteoroid shield surrounding the workshop, but near the end of the 
first orbit the normal deployment indications had not been received. 


Over the Goldstone ground station, another workshop solar array beam deploy- 
ment cooitand was transmitted. There were indications that the command was received 
but no indication o£ any action. In case there had been an Instrumentation failure 
the backup command to deploy the meteoroid shield was then transmitted through the 
Honeysuckle station. There were indications that the command was received, but 
again there were no indications of any positive results. At that point, it was ob- 
vious that there were problems with the meteoroid shield and the solar array wings. 
Preliminary analyses indicated that some or all of the meteoroid shield had been 
lost, and one array was probably gone. The loss of the shield left the surface of 
the workshop exposed to solar radiation which caused its temperature to be about 
200”F higher than it had been designed for. It was not known whether the whole 
shield had been lost. The status of the solar array beams also was unknown. There 
were indications that one of the workshop's solar arrays was gone completely and 
that the other array was only partially deployed. 
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The launch of the first crew, which was supposed to have followed the launch 
of the Saturn Workshop by 1 day, was delayed for 10 days to allow time for assess- 
ing the situation and deciding the steps to be taken. Assignments were sent out 
to various National Aeronautics and Space Administration centers and contractors. 
Marshall Space Flight Center was asked to conduct a series of analytical studies 
to predict the effects of what was known from telemetry. These activities in- 
cluded predictions of what the temperatures would be in the film vaults, the food 
lockers, and the medicine containers and what effect high temperatures would have 
on the polyurethane foam insulation bonded to the inner wall of the workshop. If 
the temperatures in the unrefrigerated food lockers and film vaults exceeded the 
specification limits the food would spoil and the very sensitive film would fog. 

It was necessary to put the Saturn Workshop into an attitude that would keep the 
temperatures as low as possible. 

Through analysis and experimentation the optimum attitude for the Saturn 
Workshop was sought. To reduce the incidence of the Sun's rays on the workshop 
and thereby reduce overheating to the maximum extent possible, the Saturn Workshop 
was placed in a posit '^on where the solar observatory solar arrays were no longer 
fully effective. Then the batteries were endangered, and the changing attitude 
also caused the auxiliary cooling systems to approach the freezing temperature. 

It was approximately 14 hours into the flight before an attitude was found that 
would he suitable both thermally and electrically. Workshop internal tempera- 
tures reached approximately 130®F, and the essential systems were maintained with 
the electrical power available. 

Meanwhile, it was concluded that the Saturn Workshop had, in fact, lost al- 
most all of the meteoroid shield and the whole workshop array wing 2, and that 
array wing 1 was restricted from deploying. Simultaneously several organizations 
independently conceived ways in which a thermal shield could be rigged by the 
crew to make the Saturn Workshop habitable. 

Johnson Space Center designed a parasol thermal shield to fit in a small 
canister that had been designed to house an experiment to be deployed through the 
scientific airlock which is on the side of the workshop normally facing the Sun. 

It operated much as a normal parasol, having four struts and a center post. The 
center post was held by the crew in the workshop, and the struts were shoved out 
through the canister extending through the +Z scientific airlock. The struts were 
spring loaded so that they extended when they cleared the canister. 

Another Johnson Space Center concept was to let the crew rig a shield while 
standing in the open command module hatch. The crew was to take a fabric shield 
and, using poles with hooks at their ends, attach pulleys and ropes to the Saturn 
Workshop to rig up a shade. This concept seemed simple, but the necessity for 
keeping the command module close to the Saturn Workshop and the uncertainty of the 
crew^'s being able to tie the shield firmly using a pole led to retaining this con- 
cept only as an alternate method. 

Marshall Space Flight Center developed a thermal shield concept which required 
the crew to perform an extravehicular activity, going out the airlock and hanging a 
fabric thermal shield from a twin-pole frame. The top of the frame would be at- 
tached at the solar observatory work station, then the 55- foot- long poles would be 
extended down the side of the workshop, and the thermal shield would be stretched 
between the poles. 
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The Langley Research Center developed a concept utilize eg Echo Satellite 
type material. Tliis was an umbrella made of aluminized mate/ial held in place 
hy inflated balloon ribs running its length and width. These ribs would be tied 
to the workshop's structure. Among other concepts suggested but not used for 
vario!is reasons were painting of the workshop exterior, a bungee-connected 
shield, and a weather balloon. 

In an effort concurrent with the development of the thermal shield. Marshal] 
Space Flight Center was asked to determine what could be done about freeing the 
remaining workshop solar array wing. There was no way to determine what was pre- 
venting the deploymetit of the solar array wing, so all alternatives had to be 
investigated. However, oce problem almost certainly involved the solar array 
beam's actuator-damper, which res^cmbles an automobile's hydraulic shock absorber. 
This cylinder moves the beam out when it is released in the normal mode, origi- 
nally the beam was to be deployed immediately upon reaching orbit, but since tUat 
could not be done, the actuator had had a chance to cool to about -50°F, which 
was near the hydraulic fluid's freezing point. There was a high probability that 
the actuator-danqper attachment would have to be broken to deploy the beam. 

A related problem was that the solar array wu.ng sections, which unfold in 
accordion-like fashion from the beam, also have actuator-dampers like the one for 
deploying the beam. The only differences were that the actuators contained a 
less viscous fluid and were mounted in such a position that they could be exposed 
to the Sun after beam deployment. It was hoped the Sun could warm them so that 
the wing sections would deploy. 

In addition to the loss of the meteoroid shield, the loss of one workshop 
solar array wing, and the failure of the other to deploy, another problem was 
apparent. The workshop has polyurethane foam bonded to the internal walls for 
insulation. At temperature and pressure conditions similar to those that existed 
in the workshop, the decomposition of polyurethane creates gases which can be 
dangerous. Extensive and accelerated tests were made to determine the decomposi- 
tion that might occur at the high workshop temperatures. 

With personnel working around the clock, meetings were held to determine 
what simulators and mockups were needed, which thermal models were to be used, 
when procedures and training facilities were required, which manufacturing per- 
sonnel were needed, what computer facilities were required, and how crew partici- 
pation should be scheduied, all in suppor* of the four major problems being worked. 
Testing of various materials for use in the thermal shield proceeded, since what- 
ever the thermal shield structure concept chosen, a shield material would be 
needed. When the structural designs were completed, static and dynamic testing 
was performed. Figure 3-5 shows the fabrication of the parasol. Initial tests 
were performed in the neutral buoyancy tank at Marshall Space Flight Center to 
confirm the design and to assist in developing deployment procedures. Ttiis facil- 
ity simi'lates in a large water tank the zero-gravity condition of space axid is 
used to develop crew procedures that will work in zero gravity. Full-scale mock- 
ups were placed in the tank and used for the thermal shield deployment tests. 

Testing of the polyurethane insulation provided confidence that the insula- 
tion would not separate from the workshop's walls and that there would be no 
loose particles. However, it was found that appreciable amounts of ga$>es were 
emitted from the insulation at 300^F. Updated information was obtained from 



Figure 3-5.- One step in the fabrication of the 
parasol thermal shield. 


flight data on heat exposures of the vehicle and retesting Has Initiated. Tests 
indicated that even though gas might be coming out of the walls, tbi internal 
voluine was sufficient to dilute this to extremely low levels. As i further pre- 
caution, starting on Day 8 the laboratory was depressurized and rr pressurized to 
flush overboard any toxic gases contained in the laboratory. This pressure 
cycling continued for 3-5 days. Finally, the crew would wear gas inasks upon 
entering the laboratory and would run gas analysis tests to provide full confi- 
dence in the safety of the Saturn Workshop’s atmosphere. 


Design, testing, and development of tools for freeing and deploying the 
solar array beam were begun. It was speculated that restraining debris existed 
in the form of bolts, sheet metal, and metal straps. A decision was made to 
concentrate on shear-type sheet-metal cutters and cable cutters. The tools had 
to be modified to provide longer handles. Once the tools were ready, a mockup 
congaand module and fragments of metal resembling the meteoroid shield, the solar 
array beam, wire bundles, straps, and bolted items were assembled in the neutral 
buoyancy tank. The first crew’s FiloL, standing in the open command module 
hatch, perlurmed an extravehicular activity in the tank. The crew trained in 
cutting straps and sheet metal in the weightless environment. Three tools, the 





cable cutters » the shears » and a universal handling tool, were evaluated, approved, 
and shipped to Kennedy Space Center for stowage in the command and service module* 
Calculations shoved that once the beam vas deploy id, the wing sections would un- 
fold as the Sun wanned the deploying cylinders* 

As the concepts for the thermal shield were developed it became obvious that 
stowage constraints in the command module would allow only the three most feasible 
versions to be stowed* These were the parasol, the shield deployed from the com- 
mand module, ^nd the twin-pole shield. Development continued and on Day 9 the 
crew for Che first minned period entered the tank for training in deplo 3 niient of 
the shields. Figure 3-6 shows a backup crewman in the tank verifying the deploy- 
Qient procedures of the twin-pole shield concept. 


Figure 3-6,- Twin-pole thermal-shield deployment in 
neutral buoyancy tank. 


On Day 10 a formal examination was held of all the materials testing, fail- 
ures, analyses, deployment procedures, and everything associated with the design 
of the three thermal shields. On the basis of this review it was decided to use 
the parasol as the primary device and to deploy the twin-pole shield over the 
parasol at some later time. The parasol was favored because it could be deployed 
from inside Skylsb. Concern had been expressed about potential problems in per- 
forming an extravehicular activity too early in the mission. The shield to be 
rigged from the conunand module was also to be stowed in the command module as a 
backup device. 


Besides the thermal shields and tools for releasing the solar array wing, 
other new items were stowed in the command module, including additional cameras 
for the flyaround assessment, equipment for performing the extravehicular activity 
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from the open command module hatch, and toxic-fume-protect ion-detection equip- 
ment. Some items such as drugs, medications, and experiment film were stowed 
as replacements because of the possibility of damage from the high temperatures 
in the workshop. 

Meanwhile, a program of carefu*^. management of attitude and power had been 
instituted to keep temperatures within the workshop as low as possible while 
providing enough power to keep the Saturn Workshop operational. Available power 
was strictly allocated, and, as far as possible, systems using power were turned 
off or operated intermittently. Heaters, one coolant pump, and telemetry trans- 
mitters, for example, were cycled on and off or were operated in reduced power 
modes. The electrical power systems themselves were also managed to check out 
and protect the systems. The two major problems, high workshop temperatures and 
a general power shortage, still existed at liftoff of the launch vehicle carrying 
the first crew. 

A sequence of the major events that occurred during the first unmanned 
period is shown in figure 3-7. 


V Saturn Workshop launch 17:30 I | | | | | | | 

W Meteo roid shield blown cff and workshop wing 2 beam-fairing tiedown broken 17:31 
■■■i Workshop habitation area depressurized 17:33 tr 18:11 j I | 


HBI Workshop habitation area depressurized 17:33 tr 18:11 | 

▼ Docking adapter - airlock depressurization terminated 17:35 | 

V Saturn Worksho p separated from S-I! stage and thrusters activated 17:40 

Waste tank depressurization 17:40 - continuous 

V Refrigeration system radiator shield jettisoned 17:40 
I Maneuver to gravity gradient attitude 17:40 to 17:46 

▼ Refrigeration system activated 17:40 I I I 

v^roud jettisoned 17:45 | j | | | 

jpH Maneuver to solar inertial attitude Initiated 17:46 
vTlscone antennas deployed 17:47 | j 

f Solar obse.'vatory deployed and locked 17:50 j 

V Solar observatory solar arrays deployed 17:S5 
r Solar observatory telemetry activated 18:07 | 
r Workshop solar array deployment comnand Issued 18: 1 j 

f Meteoroid rhield deployment conmand Issued 19:06 | 

r Attitude and pointing control system activated 19:07 
V Power systems paralleled 19:29 I I I I 

^W orkstop radiant ry aters activated 20:15 | | j 

Workshop depressurized 21:06 to 00:29 ) 

I * ▼ Attitude c ontrol transferred to attitude and pointing control system 22:20 

■■■■■Workshop pneumatic supply bottle vented 22:52 to 01:45 
I Workshop pressurized 00:30 to 03:42 | | 

▼ Maneuvers to reduce solar heating Initiated 06:30 
▼ End of Instrument unit life 12:16 | | 

I Docking adapter and airlock pressurized 18:23 to 18:35 


^Solar observatory instrument thermal control act1vat»Hl 18:38 
i I I I ■ Workshop press urized 18 :35 to 02:45 I I I 

Workshop depressurized 19:38 to 04:32 ■■■I | | | | ’ 

Workshop pressure-cycled 02:11 to 09:02MMIMM|||MM[B| [ 

Workshop depressurized 12:05 to 01:49B||Blli| 

I (First crew launched 13:00 ▼ 

! I I (Soft dock ' V 
Workshop pressurized Cl:50 tc )■ 

"u — I I I I Hard dock Cj,5. r 

Hours 22 23 24 I i i 


10 11 12 13 


St turn Workshop mission day 


Figure 3-7.- Summary of events of fir^t unmanned period. 


3.3 FIRST MANNED PERIOD 


The command and service module carrying the first crew was launched at 
13:00 Gmt on Day 12 from Launch Complex 39B at Kennedy Space Center, Florida 









on a Saturn IB launch vehicle (fig. 3-8). 
The crew consisted of Captain Charles 
Conrad, Jr., USN, Coanander; Commander 
Joseph P. Kerwln, USN, Science Pilot; 
and Commander Paul J. Weitz, USN, Pilot. 
The primary planned objectives assigned 
for the first m«ined period were to op- 
erate the Saturn Workshop for up to 28 
days, to obtain data for evaluating the 
performancfc of the crew and of the Saturn 
Workshop, to obtain medical data on the 
crew, and to perform Inflight expeiiments 
However, additional objectives now faced 
the crew as the Saturn Workshop had to be 
made operational and livable. 


The conmand and service module, on 
rendezvousing with the Saturn Workshop, 
made a flyaround inspection. During this 
inspection the crew described the condi- 
tion of the Saturn Workshop and photo- 
graphed it. They transmitted 15 minutes 
of live television to the ground as they 
crossed the United States. The crew con- 
firmed that the meteoroid shield was 
missing, that workshop solar array wing 2 
was missing, and that wing 1 was partially 
deployed and restrained by a piece of the 
meteoroid shield. Figure 3-9 shows solar 
array wing 1 partially deployed and solar 
array wing 2 missing. 


When the flyaround inspection was 
completed, the cocmiand and service module 
was soft-docked to the Saturn Workshop's 
docking adapter. The Initial connection 
between the two docking vehicles is by 
means of a probe on the command nodule 
which engages a small ring in the drogue 
assembly in the docking adapter. Capture 
I engage the ring, soft— docking the vehicle 
i is the retraction of the probe into the 
ift together. Twelve latches around the 
circumference of the main docking ring then engage the docking tunnel and hold 
the two craft together in a hard dock. 

Soft docking relieved the crew from having to "station-keep"— fly the command 
and service module in formation with the Saturn Workshop—rfiile they ate and pre- 
pared for the attempt to free the solar array. When the preparations were com- 
pleted, the command and service module was undocked and the Pilot, using a 10-foot 
pole with a hook on the end, attempted to free the solar array beam. The Pilot 
ijmano/t rtiif the eomnend module hatch, the Science Pilot held his legs to sta izb 


Figure 3-8.- Launch of the firs 
crew on a Saturn IB. 
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Figure 3-9 


Workshop solar array wing 1 in partially 
deployed position and solar array wing 2 
missing. 




hatch, and disassemble part of the docking probe. The command module was fi- 
nally hard-docked without using the probe capture latches. 


Each docking attempt disturbed the Saturn Workshop's attitude, causing the 
attitude control thrusters to use propellant to restore the attitude of the 
Saturn Workshop. A considerable amount of gas was used before docking was suc- 
cessfully completed. The total expenditure of gas up to this time, including 
that used in the frequent changes in attitude before the first crew arrived, 
exceeded the anticipated amount, but enough propellant remained to meet normal 
requirements. 


After docking, the crew slept In the command module. On awakening, they ate 
breakfast, initiated activation of the docking adapter, donned gas masks, and 
entered the docking adapter tunnel. The first task was to check the atmosphere 
through the hatch at the pressure equalization valves for toxic substances which 
might have resulted from exposure of insulation Co high temperatures. The atmos- 
phere was free of toxic gases, so the Pilot and Science Pilot entered the docking 
adapter and completed its activation. The Pilot continued sampling the atmosphere 
and entered the workshop, staying in there for 1 hour and 15 minutes. The workshop 
was closed off while the crew ate lunch in the command module, and after lunch Che 
crew reentered the workshop. It was 130*F in the workshop, but the humidity was 
so low chat the crewmen could work there for 4 Co 5 hours at a time. 
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Some normal activation procedures 
were postponed while the crew deployed 
the parasol thermal shield through the -fZ 
scientific airlock. The parasol did not 
extend fully on one corner, tecause of ^ 
failure of a locking device ^,10, 4 and fig. 
3-11)* After deploying the parasol, the 
crew continued activation of the workshop* 
With the parasol deployed, the temperature 
of the outer wall began decreasing rapidly. 
About 1 hour after the parasol was de- 
ployed, Skylab was placed in the solar 
inertial attitude* On Days 14 and 15 the 
crew slept in the docking adapter because 
of the high workshop temperature. Tem- 
peratures within the workshop were nearly 
normal within 4 days and were stabilized 
around 80“F by Day 19* After completing 
activation on Day 15, the crew started the 
planned work schedule. Operations were 
limited by the availability of power until 
solar wing 1 was deployed during an extra- 
vehicular activity on Day 25, 


Figure 3-11.- Deployed parasol 
thermal shield* 


3,3,2 Operations 


After completing the activation, the 

crw established a nearly normal routine of eatin*^, sleeping, housekeeping, exer- 
cising, and performing experiments. Performance of the tasks necessary for the 
experimental program and the day-to-day maintenance was carefully scheduled, 
along with time for the crew to eat, sleep, and carry out other personal activi- 
ties, A typical day for the crew consisted of 16 hours of activities and 8 hours 
of sleep. All crewmen slept at the same time on a schedule corresponding with 
the time at the Control Center. 


In genera! , experiment operations were nearly as planned. Six experiments 
could not be performed as planned, since the workshop +Z scientific airlock was 
occupied by the parasol* Three of these were performed, using modified opera- 
tional procedures, through the -Z, or Earth-facing, scientific airlock. Two more 
experiments were mounted on the solar observatory truss, and the sixth was mounted 
to the solar observatory sunshield. Extravehicular activities were performed to 
mount the latter three. 

In scheduling activities, time for observations of the Earth and the Sun had 
to be allocated taking Into consideration the orbital position of Skylab. The 
schedules for other activities then had to be made compatible with the require- 
ments for these observations* All the activities for each day were incorporated 
in a daily flight plan, a t3^ical example of which Is shown in figure 3-12, The 
activities of the crew for a typical day are given in detail in table 3-II. 

On Day 17 the first Eart^ observation experiment pass was made. There were a 
number of problems with thre of the experiments, all of which were worked out 
during passes 2 through 5 on Days 20 to 23. One unplanned observation was made on 
Day 25 to obtain data on Hurricane Ava. 
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Table 3-II.- Crew Activities on Day 23 


Conmander 


Science Pilot 


Pilot 


U IS Awaken 
?2:]5 - 12.20 

Dress and reconfigure inter 

com 

12:30 - 12:40 

12:40 - 13:00 
13:00 - 13:05 
13;'15 - 13 25 
13.25 - 13:35 
13:35 - 13.50 
13:50 - 13:55 
13.55 - 14:04 

14:04 - 14:42 

EAperlment T003 
measurement 
Personal hygiene 
Record voice 
Experiment rillO 
Experiment M071 
Prepare breakfast 
Eat breakfast 
Set up for so'ar 
experi'nent 

Perform solar experiment 

12-20 - 12:40 
12:40 - l’:50 
12:50 - 1J.50 

Personal hygiene 
Experiment M071 
Experiment Ml 10 

12:30 - 13:00 
13:00 - 13:20 
13:^0 - 13.30 

Load film cassettes 
Personal hygiene 
E>iper<ment M071 

13:50 - 14:20 
14:20 - 14:55 

Eat ureaktast 
Systems housekeeping 



14:55 - 17:55 

Review plans for extravehicular activity 




:55 - 18:05 
18:05 - 19:05 

19:05 - 19:25 

19:25 - 19 40 
19:40 - 19:50 
20:00 - 20:09 

20:09 - 20:40 
20:40 - 20:45 
20:45 - 21:45 

Systems housekeeping 
Lunch and experiment 
T003 

Install experiment 
S019 film 
Personal hygiene 
Systems housekeepirg 
Set up for solar 
experiment 

Perform solar experiment 
Systems housekeeping 
Expe'-iment SOI 9 

17:55 - 18:40 

Eat lunch 



18:40 - 19:10 

19:10 - 21:30 
21:30 - 21-45 

Systems housekeeping 

Experiments M092, Ml 71 
Personal hygiene 

18:40 - 19.00 
19:00 - 19:1C 

19-10 - 21:30 
21:30 - 21:45 
21:45 - 22:10 

Earth observations 
Personal hygiene 

Observe experiments M092, Ml 71 
Systems housekeeping 
Stow experiment SO 19 film 

21.45 - 23:15 

Preview extravehicular activity 


22:10 - 23:15 

Preview extravehicular 
activity 

23:15 - 00:05 

fS/% AC AA . nC 

Eat e**'oing meal 
Conference with ground 
Initiate experiment S009 

23:15 - 00:15 

Eat evening meal 



00. Q& - 0Z:3b 
02:35 - 02:45 

00:15 - 02:20 

1 

Fresleep activities 

.... 

00:1b - 00:30 
00:30 - 00:49 
00:49 - 01:35 
01:30 - 02-20 

Presleep activities 
Prepare for solar experiment 
Perform scl ar experiment 
Prepare for solar experiment 



02:20 - 02:45 

Conference with gro'ind 



02.45 - 03:00 
03:00 - 11-00 

Presleep activities 
sleop 






Two hard* are problems occurred early in the operations phase of the first 
unmanned period. The first, on Day 10, was the failure of solar observatory power 
conditioner 15. The power conditioners control the energy received from the solar 
cell panels; each consists of a battery charger, a rechargeable battery, and a 
load regulator. The second problem was a failure of one of the rate-sensing gyros 
used to maintain spacecraft attitude control. Solutions for both problems were 
worked out on the ground and eventually implemented during extravehicular activi- 
ties. 


A number of rate gyro anomalies occurred during the first 23 days after 
launch of the Saturn Workshop, including fundamental problems of drift, oscilla- 
tions, high temperature indications, and other failures. A development program 
was Initiated to place six modified gyros in the docking adapter. The development 
program was keyed to the launch of the second crew, and less than 2 months was 
available to perfect and deliver the new gyro package. 

Meanwhile, work was still in progress on the procedures :o be used in free- 
ing the solar array wing. The Skylab ground teams used the fiyaround television 
pictures of the restrained beam fairing as a basis for these procedures. Simii- 
lation played an important part in the procedure development because the task 
would have to be conducted in a weightless environment. Procedures were care- 
fully thought out and developed with crewmen in the Marshall Space Flight Center 
neutral buoyancy tank. The beam fairing’s actuator-damper mounting clevis wotild 
probably have to be broken before the array would deploy since the fluid was 
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probably frozen. The technique for breaking it was developed. The procedures 
were uplinked to the crew on the teleprinter (b.2,1), and on Day 25 the crew 
performed an extravehicul«ir activity to free the array. The Ccmma,>der positioned 
himself, being careful not to snag his space suit on the jagged remains of the 
meteoroid shield. The Science Pilot was stationed near the airlock hatch ready 
to assist if required. The Commander hooked a beam erection tether to the forward 
beam fairing vent module and secured the other end to the fixed airlock shroud. 
With considerable difficulty, he cut away the aluminum strap that kept the beam 
failing from deploying. With the restraint removed the beam fairi.g deployed 
about 20 degrees. The Commander and the Science Pilot tugged and pulled on the 
beam erection tether rope and finally succeeded in breaking the actuator- damper 
clevis. The beam fairing immediately deployed and locked, and the wing sections 
partially deployed. Sky lab was maneuvered to allow solar heating of the fluid in 
the wing section accuator-dampers. Six nours later the workshop solar array wing 
sections were fully deployed. The power capability increased from 4000 watts to 
approximately 7000 watts upon full deployment of the solar array wing. 

On the ground, tests were being run on power conditioners to try to identify 
the failure mode of power conditioner 15. Neither the regulator nor the charger 
would draw power. The conclusion reached was th^ t the input relay contactor was 
stuck. A procedure was developed to rap the power conditioner with a hammer to 
try to free the relay. This would be attempted during the extravehicular activity 
on Day 37. 

The accomplishment of object: '^es during the first manned period was remark* 
able, especially considering the reduction in experiment time available because of 
the manual deployments and other system proutems to be worked. All primary objec- 
tives w^ere accomplished and most of the assigned detailed experimental objectives 
were completed. Of the 44 planned telecat^ts, 28 wet performed. Since 2 of the 
planned telecasts were repeated, and there were 3 impromptu telecasts, the total 
number was 33. There were three extravehicular activities performed during the 
first manned period for a total of 6 hours and 20 minutos. One was performed from 
the open comma d module hatch and two were from the airlock 

Table 3-III shows the distribution of manhours for the firsc manned period. 
There were 392 hours spent on experimentation, or 20.6 percent of the time avail- 
able. This percentage was reduced considerably from that planned because of the 

Table 3-III.- Manhour Utilization During the First Manned Period 


Accivlty 

Manhours 

Percent 

Pfedical experiments 

145.3 

7.5 

Solar observatory experiments 

117.2 

6.0 

Earth observation experiments 

71.4 

3.7 

Corollary and student experiments, aid detailed test object Wes 

65.4 

3.4 

Sleep, rest, off duty 

675.6 

34.7 

Pre- and post-sleep activity (2 mebls Included) 

403.4 

20.7 

Lunch 

73.7 

3.8 

Housekeeping 

103.6 

5.3 

Physical training and personal hygiene 

56.2 

2.9 

Other operations (extravehicular activity, activation and deacti- 
vation, television) 

232.5 

12.0 

Total 

1944.4 

lOO.O 




reduced power and high temperature constraints and additional tasks during the 
first part of the mission. 


3.3.3 Deactivat ion 


Day 37 was the last day of significant experivaental activity. An extravehic- 
ular activity was perforaied to retrieve the exposed solar observatory film^ and at 
thf« ti“ tl.7 C™!!"'^nder rapped power conditiuiier 15 and succeeded in freeing tlie 
relay. The battery began charging lately, 


The reiraiaing time was used for housekeeping and preparing for termination of 
the first manned period. Deactivation began during Day 38 and continued Into Day 
40. Tlie major activities during this period were transferring items to be returned 
in the command module and setting up systems in the Saturn Workshop for ground 
control. The cummand module was reactivated on Day 40, and, after donning their 
suits, the crew performed the final Saturn Workshop closeout, entered the command 
module, and undocked at 8:55 Gmt, A flyaround of the Saturn Workshop was performec 
to inspect and photograph it. 


Figure 3-13 shows the first crew leaving the command module on the deck of 
the U.S.S. Ticonderoga^ Items returned by the crew included exposed film, metal 
processing and thermal coating ssiiples, and hardware for i<illdre analysis. 


Figure 3-13,- First Sky lab crew on the deck of D,S,S. Ticonderoga* 
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An overall timeline for the first manned period is shown in figure 3-14. 


First crew launch 
Rendezvous) I 

If soft dock! 1 I i I I I ! ! 1 I I 

Stendup extravehicular activity 
I Unsuccessful dock 109 at tenets 
Hard doc k I I I I I 

■■MlActlvatlon { I I 

COflsand Module tunnel hatch reaoval 
Drogue and probe removal | | I 

Sai^llfig for toxic gas in docking adapter 
Docking adapter hatch open - Saturn Workshop entry 
CoMM^ fio^le - docking adapter interchange duct Installed 
Caution and warning systee activated 
Solar observatory activation Initiated 
Parasol deployaent | | I I | 

• Solar obsenfatory thenaal control activated 


Operations! 


I I 1 1 Extravehicular activity workshop solar wing deployment 
Extravehicular activity: solar observatory fil« retrieval |( * ' 

1 1 1 I I I 1 I I iDeactlvatlonfl 

I I I I Hedical experiments deactivated* 
Comand and service module Inventory completed* 

I I I I I I Clothing module transferred • 

I I I I I I Frozen food transferred * 

I Waste management compartment filters replaced * 
Waste management compartment and wardroom deactivated • 

I I I I I I I jMIscellaneous deactIvatlonB 

Waste management compartment and wardroom water system deactivated < 

Aft and middle airlock compartments deactivated it 
Command and service module activation |g 
1 Saturn Workshop closeout 
Probe and drogue installed|v 
Docking adapter hatch closed 
j Docking latches released!* 
tommand module tunnel hatch installedl* 
Undocking preparat1ons|| 
Undocking] 
Flyaround | 
Splashdown *| 
,, 


12 


14 


16 


18 


20 


22 


24 


26 


23 


30 


32 


34 


36 


38 


Saturn Workshop mission day 


Figure 3-14.- Summary of events of first manned period. 
3.4 SECOND UNMANNED PERIOD 


Following crew departure , depressurization of the Saturn Workshop was ini- 
tiated to lower the dewpoint to approximately 35®F to prevent condensation in the 
Saturn Workshop as the internal temperature decreased* The depressurization con- 
tinued for approximately 6 hours and was terminated at approximately 2 psia. The 
workshop pressure was allowed to decay to 1-9 psia» which indicated a normal 
leakay" rate throughout the unmanned phase. 

The refrigeration system showed an abnormal temperature rise at the time of 
the first manned period ^s final closeout. Ground-commanded troubleshooting con- 
tinued Cor several hours. Tlie principal activity was cycling between primary and 
secondary loops and cycl-ng valves. Satisfactory operation was subsequently re- 
stored after 2 days. 

Solar observatory operations were carried out as planned by ground control 
until Day 64, when the experiment pointing control primary up-down rate gyro 
failed. The solar observatory experiment operations were terminated because of 
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this anomaly. On Day 67 a test was per£; uied using the secondary up-down rate 
gyro, and operation was satisfactory. To preclude a malfunction, limited solar 
observatory operations were performed until the next manned period* 

The testing of the package of six supplementary rate gyros, called the 
''six-pack,** for installation by the second crew, was already in progress on Day 
60. Three units were built in order that parallel development efforts could be 
carried out. One unit went to the contractor in St. Louis for fit checks on the 
backup docking adapter and then to Johnson Space Center for crew training. The 
second unit was undergoing dynamic testing at Marshall Space Flight Center, 
where the third (flight) unit was also undergoing acceptance testing. The flight 
unit was completed and shipped to Kennedy Space Center on Day 71, 5 days before 
launch of the second crew. 


An improved version of the parasol thermal shield was developed by Johnson 
Space Center* The crew trained in the deployment of the new parasol and the 
twin-pole thermal shield developed by Marshall Space Flight Center. The twin-pole 
shield had been stowed in the Saturn Workshop by the first crew. The improved 
parasol was carried by the second crew. Major resupply items for the second 
manned period were the supplementary rate gyro package and cables, the improved 
parasol, experiment film, food for a 3-day mission extension, various assemblies 
to replace failed experiment components, and two laboratory data tape recorders. 

About 40 hours before the launch of the second crew, the Saturn Workshop 
vent valves were commanded open, resulting in final depressurization of the Saturn 
Workshop down to 0.65 psia. depressurization began inmediately and was terminated 
at 5 psia approximately 20 hours before launch. A sequence of major events of the 
second unmanned period is shown in figure 3-15. 



I Operations! 

^Splashd^ 

__t Re’frigeration systero troubleshooting 
Saturn WoHcshop' depressurization j 
I if Experiment pointing control 
Operati ons| 


primary rate gyn^cope *lure 


Limited unmanned solar 
observatory operations 


40 41 


-V 




64 65 


66 


irExperiment pointing control test with secondary rate gyroscope 

] iBi I 9 ■ LL I 

Saturn Workshop depressurization 

Saturn Workshop pres$ur1zation|B j 
j I I I Seconjd cre w launch 


73 74 75 76 


67 68 69 70 71 72 

Saturn Workshop mission day 

Figure 3-15.- Summary of events of second unmanned period. 
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3.5 SECOND MANNED PERIOD 


The second crew was latinched at 11:10 Gmt i Day 75 from Launch Complex 39B 
at Kennedy Space Center. The crew consisted of Captain Alan L. Bean, USN, Com- 
mander; Dr. Owen K. Garriott, Science Pilot; and Major Jack R. Lousma, USMC, 
Pilot. The original plan was to launch the second crew on Day 96. However, 
because of the degradation of the rate gyros and the possible deterioration of 
the thermal shield, it was desirable to return as soon as possible. Upon the 
satisfactory assc^ssment of the flight effects on the first crew, preparation of 
the launch vehicle, assembly of repair materials, and the completion of necessary 
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crew training, the crew was launched on Day 76. The second manned period was 
extended 3 days beyond the planned 56 days to allow more vrork tine and permit a 
more favorable splashdown area. 


3.5.1 Activation 

Shortly after orbital insertion, the Pilot began to experience motion sick- 
ness. He obtained relief by taking one anti-motion-sickness capsule and was able 
to participate in the activation after docking. Rendezvous was successfully at- 
tained and a flyaround inspection was performed. During the flyaround the space- 
craft was flown so near the thermal parasol that thruster exhaust inq>ingement 
caused movement threatening parasol damage. Contamination of the solar cells 
also was likely, so the inspection was terminated. 

Prior to docking, a leak had been detected in the service module reaction 
control system. Troubleshooting was performed, isolating the problem to quad B. 

The quad was deactivated for the remainder of the visit. 

Docking to the Saturn Workshop was accomplished easily, and the crew entered 
the vehicle within 2 hours after docking. Activation required more time than was 
planned when all three crew members developed motion sictoess, which slowed their 
activity. As a result the first extravehicular activity was delayed 6 days, until 
Day 85. The activation procedures were performed and were similar to those during 
the first manned period. Additionally, there were several repair and troubleshoot- 
ing tasks to be accomplished before the schedule of system and experiment operation 
could begin. 


3.5.2 Operations 

A pressure leak in the condensate dump system occurred soon after activation, 
causing the system to function improperly. Troubleshooting was unsuccessful in 
locating the leak. Procedures were modified to collect condensate directly into 
the workshop storage tank and to vent the storage tank into the workshop waste 
tank daily. A heated dump probe, which appeared to have an obstruction, w..s re- 
placed, and the condensate syste«n operated normally. The leak was probably at a 
quick-disconnect , since during the troubleshooting and probe replacement several 
quick-disconnects were exercised. 

On Day 83 the service module reaction control system quad D was found to be 
leaking. System pressures and temperatures indicated that oxidizer was venting 
within the engine housing. The quad was isolated by closing the propellant isola- 
tion valves. Plans to use this system for trim maneuvers to establish a repeatable 
ground track were abandoned. With this second failure of the service module reac- 
tion control system, the possibility of terminating the mission was considered. 
Acceptable control modes and deorbit and entry procedures were defined consistent 
with the constraints imposed by the two problems. When the decision to proceed 
with the mission was made, checkout of the rescue launch vehicle and rescue com- 
mand and service module was initiated in case the command and service module docked 
to the Saturn Workshop was Incapable of returning. 

On Day 84 a coolant leak in the primary laboratory coolant loop was indicated 
by a low puaq) inlet pressure warning. Ground analysis showed a long term decrease 
in pressure. The crew performed a visual inspection of the coolant system, looking 



for the leak} but no evidence of the coolant fluid was found. On Day 85 > during 
the first extravehicular activity, an Inspection was performed outside Sky lab to 
try to locate residue from a coolant leak, but %rlth no success. During this ex- 
travehicular activity the Science Pilot and the Pilot, besides inspecting the 
cooling system, retrieved and replaced film canisters in the solar observatory, 
deployed the twin-pole thermal shield over the parasol, inspected and repaired 
the ultraviolet spectrometer, and deployed an experiment to collect interplane- 
tary dust to study its nature and distribution. The extravehicular activity 
lasted 6.5 hours. 

Several unscheduled maintenance tasks were performed inside during the sec- 
ond manned period. Some of these were replac^ent and electrical continuity 
tests of the heated water dunq> probe; disassembly, inspection, and replacement 
of laboratory tape recorders; removal of four printed-circuit cards inside the 
video tape recorder; repair of an ergometer pedal; Installation of the supple- 
mentary rate gyro package in the docking adapter; and tightening of the chain 
linkage on the articulated mirror system for one of the experiments. 

On Day 91 a saturated control gyro resulted in teo^orary loss of control gyro 
attitude control. The loss of control occurred during an attempted momentum dump 
maneuver follo%ring two back-to-back Earth observation passes. Automatic switch- 
over to thruster control regained spacecraft control but resulted in a relatively 
large (2584 lb-sec) expenditure of thruster propellant. 

The pressure in the primary laboratory coolant loop became so low on Day 102 
that the puiq> was shut off. Flight data indicated that the secondary loop was 
leaking hut was still operational and providing the required cooling. Ground sup- 
port personnel began trying to determine the best method for reserviclng the pri- 
mary loop in orbit. This led to the development of a reservlce kit to be carried 
by the third crew. Carbon dioxide sensor cartridges from the carbon dioxide re- 
moval system were returned for analysis to determine whether or not coolant was 
present. The theory was that the coolant loop leaks were so small that the cool- 
ant was evaporating into the laboratory atmosphere as soon as it leaked. Exami- 
nation of the carbon dioxide sensor cartridges subsequently established this. 

The second extravehicular activity was performed on Day 103 to Install the 
cable interconnecting the rate gyros on the solar observatory and the supplemen- 
tary rate gyro package in the docking adapter, work on solar observatory doors, 
and retrieve and replace solar observatory film canisters. The extravehicular 
activity lasted 4.5 hours. The prevlouslv installed supplementary rate gyro pack- 
age was activated and operated successfully. The gyros' alignment was excellent, 
and no adjustment was necessary. Use of the six new gyros combined with the three 
best ones from the original nine ended major rate gyro problems for the rest of 
the mission. 

Ihe experimental operations planned for the second manned period were essen- 
tially conq>leted. There were 39 passes made with the Earth observation cameras 
operating and recording data. These passes covered North and South America, Europe, 
and northwestern Africa. Thruster leak problems in the service module reaction 
control system precluded the planned trim maneuvers to reestablish the nominal Sky- 
lab ground track, which had drifted to the east. Sixty-nine separate television 
sequences were made of experiments, crew quarters, meal preparation, exercises, 
demonstrations, etc. A great many Earth terrain photographs and observations 
were made of hurricanes, tropical ntcrms, volcanoes, cities, water, mountain 



ranges, and other items of interest. Figure 3-16 shows a photograph of the Sun 
in the hydrogen alpha spectrum. A flare can be seen in the center of the picture. 
The crew held a televised conference from Skylab with reporters at Johnson Space 
Center. 


Figure 3-16.- Hydrogen alpha photograph of the Sun. 

The +Z scientific airlock was still occupied by the pole from the first 
thermal shield, prohibiting its use for experiments. A principal instrument used 
with the scientific airlocks was jettisoned after it would not retract while being 
used in the -Z scientific airlock. This precluded still cthei experiments orig- 
inally planned for these airlocks. 

Host of the planned student experiments were accomplished, including record- 
ing of the performance of two spiders weaving their webs. A group of six science 
demonstrations of basic physical principles was performed. 

There were three extravehicular activities performed during the second manned 
period for 3 totel of 13 hours end A3 minutes. 
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I Table 3- IV shows the distribution of manhours for the second manned period. 

I There were 1085 hours spent on experimentation, or 27.7 percent of the time 

I available. This was a 7 percent increase over experiment time in the first 

I maxmed period. 


Table 3-IV.- Mamhour Utilization During the Second Hanned Period 


Actlvl^ 

Manhours 

Percent 

Medical experleents 

312.5 

8.0 

Solar observatory experluents 

30S.1 

7.8 

Earth observation experliaents 

223.S 

5.7 

Corollary and student experiments, and detailed test objectives 

243.6 

6.2 

Sleep, rest, off duty 

1224.5 

31.2 

Pro* and post-sleep activity (2 meals Included) 

837.6 

21.3 

Lunch 

138.1 

3.5 

Housekeeping 

158.4 

4.0 

Physical training and personal hygiene 

202.2 

5.2 

Other operations (extravehicular actlvl^. activation and deacti- 
vation. television) 

278.7 

7.1 

Total 

3925.2 

100.0 


3.5.3 Deactivation 
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The deactivation of the Saturn Workshop proceeded as scheduled and was sim- 
ilar to that carried out by the first crew. A portable fan was mount-^d in the 
docking adapter to circulate air over the supplementary rate gyro package for 
cooling during the unmanned period. The third extravehicular activity was per- 
formed as planned to change solar observatory film and retrieve various experi- 
ment samples. 

Ifore time than was planned was spent on command and service module activa- 
tion. The checkout of the service module re..cClon control system was lengthy 
to ensure chat the system operated satisfactorily. Undocking, on Day 135, was 
normal and no flyaround of the Saturn Workshop was made because of Che problems 
with Che reaction control quads. 


An overall timeline for the second manned period is shown in figure 3-17. 


V Uv*Kh 
■iJtendejEvous 
V Docking 

' Saturn Uoritshop enti^ 

i Satur. Workshop inanneti act 

• I - 


Ar 


vatlon 


xtravefilcular 


J Operations 

tidn pole shield deplotynent & film exchange 


] Extravehicular activity: rate 9 yi^$co{>e||B cable Installation film exchange 
Extravehicular actlvl^: film exchanoe and sain^e retrieval ■ | | 

Saturn llorkshop deact1vat1on| 

Saturn Workshop closeouts 
I j I Undocking r 
Spla shdown 4 


76 77 78 79 80 81 82 83 84 85 


102 103 


A/ 


131 132 133 134 135 136 


Saturn Workshop mission day 




Figure 3-17.- Summary of evc.'::;s of second manned period. 




3.6 THIRD UNMANNED PERIOD 


Tbj launch of the third crew was postponed until Noveober 16 to obtain better 
and extended viewing of Comet Kohoutek and to plan for extending the visit to 84 
days. The final decision on the extension would not be made until about 50 days 
into the third manned period. Con^t Kohoutek was discovered on March 7, 1973, by 
Dr. Lubos Kohoutek at the Hamburg Observatory. Its approach during the Skylab 
mission was an unprecedented opportunity. 

Work continued on the laboratory coolant loop reservice kit. The prototyne 
kit was completed on Day 121 and was used by the Commander and Pilot of the thxrd 
crew for traln.lng. The kit contained a tank and panel assembly filled with cool- 
ant, three short hoses and adapters, repair seals, and valves for connecting to 
the spacecraft coolant lines. The flight reservice kit underwent testing and 
acceptance and was at Kennedy Space Center on Day 176 for stowage in the command 
module. 

Analysis of five carbon dioxide censor cartridges returned with the second 
crew showed that two contained traces of the coolant. Other tests confirmed that 
coolant did not harm the filters in the carbon dioxide removal system, that the 
filters cleaned the atmosphere every 20 hours, and that the coolant would not 
support combustion. Further, the Johnson Space Center medical directorate con- 
firmed there was no toxicity problem. The primary coolant loop had been shut off 
on Day 102, and the estimated date for the secondary loop to be depleted was Day 
207. The overall conclusion was that it was both safe and mandatory to reservlce 
the primary coolant loop. 

On Day 135 the Saturn Workshop i«as depressurized to 2 psla to lower the 
dewpoint and was then repressurl ed to 5 psia with nitrogen to aid in cooling the 
six gyros in the docking adapter. The pressure decayed at the normal leak rate 
to 4.05 psla by Day 164. The laboratory was then repressurized to 4.5 psia and 
again decayed to 3.75 psia on Day 185. 

On Day 174 control gyro 1 wheel speed decreased from 9123 to 9060 rpm. The 
current in one motor winding increased slightly. After 1 hour, the wheel speed 
and current returned to the normal reading. 

Unmanned solar observatory experimerts were performed as scheduled until Day 
185, when the primary experiment pointing control orbital lock failed to release. 
Use of the secondary experiment pointing controller permitted normal operations. 
Data taking for several solar experiments was then curtailed until the crew ar- 
rived. One solar observatory experiment continued to operate because it did not 
use the experiment pointing controller. 

On Day 185 the Saturn Workshop's pressure was decreased to 0.7 psla to re- 
move an abnormal mixture of nitrogen and oxygen used for rate gyro cooling. The 
Saturn Workshop was then repressurized back to 5 psia with the normal mixture of 
nitrogen and oxygen. 

Figure 3-18 is a summary of the events occurring during the third unmanned 
period. 
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Figure 3-18.- Summary of events of third unmanned period. 
3.7 THIRD MANNED PERIOD 


The command and service module carrying the third crew was launched at 14:01 
Gmt on Day 187 from Launch Complex 39B at Kennedy Space Center, on a Saturn IB 
launch vehicle. The crew consisted of Lieutenant Colonel Gerald P. Carr, USHC, 
Commander; Edward G. Gibson, Science Pilot; and Colonel William R. Pogue, USAF, 
Pilot. 


The third manned period was originally planned to last 56 days; however, 
because of the success of Che first two manned periods and because the prime 
viewing times for Comet Koboutek were around Day 236, the period was extended to 
84 days. After the 56-day point was reached the crew was given weekly go-aheads 
based on medical data sent to Che ground and successfully completed an 84-day 
mission. 


3.7.1 Activation 

Rendezvous with the Saturn Workshop was accomplished with little difficulty, 
but three attempts at docking were necessary before a hard dock was achieved. 

The extension of the manned period and resulting changes in requirements required 
new equipment Co be carried up, so activation of the laboratory was slowed some 
by the large number of items to be transferred from the command module. Also, 

Che crew experienced "stomach awareness" problems, which slowed their activity 
somewhat. 

On Day 190, as part of the activation sequence, the primary laboratory cool- 
ant loop was reserviced and resumed satisfactory operation throughout the rest of 
the mission. The secondary loop was to be reserviced only if necessary. 

3.7.2 Operations 

The third manned period was highlighted by the photography of Comet Kohoutek 
and problems experienced with the control gyros. Extravehicular activities were 
carried out in a routine manner. 

On Day 191 the coolant loop for the solar observatory control and display 
panel and Earth observation equipment exhibited erratic flowrates. Contamination 
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was suspected, and on Day 219 the coolant loop filter was replc*ced with a spare 
liquid-gas separator. There was some contamination and gas, which the separator 
removed. New filters were installed and the loop^s flowrate returned to normal. 

On Day 194 control gyro 1 spin motor current showed a rapid rise, indicating 
a failure. Motor currents Increased from 1 to 2 amperes. Control gyro power was 
turned off by ground command. This was sensed by the solar observatory digital 
computer, and a control mode using control gyros 2 and 3 was initiated. On Day 
194 the first photographs of Comet Kohoutek were taken. As the comet neared the 
Sun more time was spent photographing it. Th^ third extravehicular activity, on 
Day 231, was devoted exclusively to study of the comet and the Sun. Photographs 
were taken with a special camera brought up with the third crew for that purpose. 
Photographs were also taken of the comet using the solar observatory instruments 
and Instruments from other experiments. 

On Day 206, control gyro 2 began showing signs of irregular operation. This 
attitude control system situation threatened an early termination to the mission. 
The gyro symptoms were slightly lower speed and slightly higher temperatures and 
currents. The gyro would operate abnormally for a period and then would return 
to proper operation. The periods of abnormal operation became longer as the 
mission progressed. Throughout the remainder of the mission, ground control 
closely monitored the operation of control gyro 2. After considerable testing 
and analysis a decision was made to control the control gyro heaters manually. 

These heaters maintained the gyro bearings at a constant temperature. At the end 
of the third toanned period, control gyro 2 was still operating in this manner. 

During the third manned period 70 television sequences were made of experi- 
ments, crew activities, comet observations, science demonstrations, Earth surface 
features, etc. A large n mber af Earth terrain photographs and observations were 
made of volcanoes, rivers, cities, vegetation, ocean currents, Earth faults, and 
other features. Figure 3-19 shows a picture of Mobile Bay, Alabama, taken with 
one of the Earth observation cameras. A partial solar eclipse was photographed 
on Day 225. The third crew held two televised press conferences from Skylab. 

There were 45 passes made for Earth observations experiments. There were 
three maneuvers performed to maintain a repetitive ground track every 5 days for 
the Earth observations experiments. Most of the planned student experiments were 
performed, and 17 science demonstrations were performed. 

Four extravehicular activities were performed during the third manned period 
for a total of 22 hours and 13 minutes. During three of the extravehicular activi- 
ties the crew changed solar observatory film, deployed experiments, pinned solar 
observatory doors open, and retrieved experiment samples and film. During the 
other extravehicular activity *:hey photographed Comet Kohoutek. 

In addition to reservicing the primary laboratory coolant loop and the solar 
observatory control and display panel coolant loop, some of the maintenance per- 
formed by the crew consisted of replacing solar observatory television monitor 1 
in the control and display panel, repairing laboratory tape recorders, replacing 
an electronic unit in the video tape recorder, and replacing a defective seal in 
the washcloth squeezer. 
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Mobile Bay, Alabama, taken with 
Earth observation camera. 


Table 3-V shows the distribution of manhours for the third manned period. 
There were 1563 hours of experimentation, or 25.8 percent of the time available 
Tills was slightly lower than that obtained during the second manned period. 


3.7.3 Deactivation 








Table 3-v\- Manhour Utilization During 
the Third Manned Period 


Activity 

Manhours 

Percent 

Medical experiments 

366.7 

6.1 

Solar observatory experiments 

519.0 

8.5 

Earth observation experiments 

274.5 

4.5 

Corollary and student experiments and detailed test objectives 

247.0 

4.1 

Kohoutek observations 

156.0 

2.6 

Sleep, rest, off duty 

1846.5 

30.5 

Pre- and post-sleep activity (2 meals Included) 

974.9 

16.2 

Lunch 

409.1 

6.8 

Housekeeping 

298.9 

4.9 

Physical training and personal hygiene 

384.5 

6.4 

Other operations (extravehicular activity^ activation and deacti- 
vation, television) 

571.4 

9.4 

Total 

6048.5 

100.0 


After the workshop was clo«5ed out and before undocking, the service module 
reaction control system was used i.o increase the Saturn Workshop’s orbit from 
444 by 431 kilometers to 455 by 433 kilometers. This maneuver lasted 180 seconds 
and resulted in an increase i*.i orbital lifetime of about 1 year. Undocking was 
normal on Day 271. 

An overall timeline for the third manned period is shown in figure 3-20. 
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Figure 3-20.- Summary of events of third manned period. 

3.8 TESTS AND ORBITAL STORAGE 


End-of-mission engineering tests began shortly after command and service 
module undocking on Day 271 and continued for 32 hours before the Saturn Workshop 
was completely powered down. The internal pressure was decreased to 0.5 psia and 
was allowed to decay. The engineering tests and the results are shown in table 
3- VI. 
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Table 3-VI.- Summary of Postmission Tests 


Tests 

Results 

Control gyro 1 spinup attempt. 

Control gyro 1 wheel did not overcome the 
bearing friction. 

Control gyro 2 and 3 bearing drag 
tests. 

Control gyro 2 was within limits but was slightly 
higher than normal and gyro 3 was normal. 

Laboratory power conditioner battery 
capacity tests. 

Laboratory power conditioner batteries exhib- 
ited very little degradation. 

Secc'lary refrigeration system opera- 
tion and an attmpt to get both the 
primary and secondary loop radiator 
bypass valves returned to the normal 
mode of operation. 

Cycling of the radiator bypass valves in both 
the primary and secondary refrigeratlor system 
loops failed to return the loops to their 
original performance. 

Rack rate gyro turned on to provide 
data on the heater control circuits. 

The rack rate gyros which exhibited excesrive 
drift rates earlier continued to do so. 

Laboratory secondary coolant loop 
troubleshooting. 

Inverter 1 in the laboratory secondary coolant 
loop had failed. 

Operation of the secondary pu**se code 
modulation digital data acquisition 
system. 

Tests on systeins which had not previously been 
used showed the systems to be fully operational. 

Operation of the secondary data storage 
Interface unit. 

Tests on systems which Lad not previously been 
used showed the systems to be fully operational* 

Testing of laboratory 10-watt transmit- 
ter A, 

The failed transmitter did not recover. 

Menrry load unit test using the program 
tape. 

Tests on systems which had not previously been 
used showed the systems wO be fully operational. 

72 kilobits per second uplink test. 

Tests on systems which had not previously been 
used showed the systems to be fully operational. 


Digital command from the ground is possible whenever the solar array is re- 
ceiving sufficient sunlight. It is also possible that a suited crewman could en- 
ter and activate systems under the condition that the solar arrays are receiving 
sunlight. The Saturn Workshop is expected to have an orbital lifetime of about 
IG years. This lifetime is estimated by use of a mathematical model that ac- 
counts for the ballistic coefficient of the Saturn Workshop — a parameter based on 
cross-sectional area, mass, and aerodynamic drag coefficient — and the density of 
the atmosphere, vdilch, at this altitude, is largely dependent upon solar activity. 
Data were taken during the mission on the levels of solar activity and on changes 
in the orbit to allow comparison of the mathematical model with the actual condi- 
tions. New estimatt.s were made during the mission as the mathematical model was 
refined and as the ballistic coefficient of the vehicle changed. These are sum- 
marized in table 3-VII. The loss of one solar wing changed the cross-sectional 

Table 3-VII. Variations in Predicted Values 
for the Saturn Workshop 



Premission 

Mission 

Mission end 

Ballistic coefficient, kg/m^ 

122 

170 

207 

Predicted lifetime, days 

2360 

2970 

3610 
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area and the mass from the values used in the premission calculations. The loss 
of the meteoroid shield also reduced the mass. Other changes which occurred were 
the expenditure of consumables and velocity changes made to give the desired 
ground track. At the end of the third manned period the orbital altitude of the 
Saturn Workshop was increased) using the reaction control thrusters of the com- 
mand and service module. After the final crew left, the Saturn Workshop was ro- 
tated to the gravity-gradient attitude, with the docking adapter away from the 
Earth and the solar observatory trailing. These two changes affected the final 
estimate of the orbital lifetime shown in figure 3-21; this estimate reflects the 
refinements made in the mathematical m^del and the data obtained on solar activity 
during the mission. 
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Figure 3-21.- Saturn Workshop predicted orbital decay. 

The elements ;.hich were jettisoned or lost have much shorter lifetimes; 
some had already entered the atmosphere within 40 days. The four sections of 
the shroud have estimated lifetimes varying between 700 and 1000 days, and the 
predicted lifetime of the lost solar wing is 1500 days. 

3.9 MISSION OPERATIONS SUPPORT 

The Skylab mission was controlled from the Johnson Space Center with Marshall 
Space Flight Center providing technical support on systemo and experiments for 
which it had development responsibility. An operations-support center was estab- 
lished at Marshall Space Flight Center and was manned by specialized support 
grou-^s. These groups, consisting of government and contractor personnel, evalu- 
ated the performance of the Saturn Workshop systems and experiments. This tech- 
nical support was provided 24 hours a day and 7 days a week. Additional technical 
support was also available to the support center from other Marshall personnel, 
contractor plants, and other agencies. 

Real-time and onboard recorded data (taken between ground sites) were re- 
ceived at the remote ground sites, processed by the site for redundancy removal, 
and transmitted in digital form to Johnson Space Center. Selected data were avail- 
able for real-time display at both centers. All data on Marshall-developed equip- 
ment were then extracted and relayed to the Marshall Space Flight Centei. These 
data were reproduced at low sample rates in data books and in user tapes for routine 
data analyses. The remote site also generated analog data tapes and retained them 
for backup transmission system cnecks, and delivery if required for special purposes. 
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The Marshall neutral buoyancy simulator (a water tank 75 feet in diameter, 
and 40 feet deep) provided a simulated zero-gravity environment for full-scale 
trainers and mockups for design evaluations and crew training. Before launch 
the normal extravehicular activity trrining was the major function of the simu- 
lator. After the launch anomaly, the simulator was used extensively to evaluate 
potential flight repairs that could be accomplished through extravehicular ac- 
tivity. Two of the more significant repairs were erection of the two thermal 
shields and deployment of the workshop solar array. Ifore information on the 
neutral buoyancy simulator can be found in reference 36. 

A high-fidelity simulator of the laboratory instrumentation and communica- 
tions system. Including a ground station, was located at St. Louis. This test 
unit and a solar observatory instrumentation and communications simulator located 
at Marshall were used to reproduce anomalous conditions and determine applicable 
corrective action. Prior to launch, the units were used to verify radiofrequency 
interfaces between the ground tracking stations and the Saturn Workshop, and be- 
tween the experiments and the data system. During the mission several failures 
were simulated to determine the cause and corrective action. Some of the items 
investigated were the laboratory tape recorders, a 10-watt transmitter, a video 
cape recorder, the multiplexers, a television monitor, and a coaxial switch. 

The solar observatory flight backup unit at Marshall was used as a simulator 
to resolve problems. Tests associated with the X-ray spectrographic telescope 
verified that it was possible for the crew to move a stuck filter wheel during 
extravehicular octivlty and also replace Che film magazine with the Instrument 
power on during extravehicular activity. The cause of the thermal shield aperture 
door failure and the installation of the spectrograph and extreme ultraviolet 
monitor auxiliary timer were verified. 

Satisfactory thermal and environmental control for the Saturn Workshop was 
made possible by a continuous support effort. Different computer programs were 
available for analyzing the Saturn Workshop thermal control. Individual systems 
and cooq>onents were processed on several computers depending on Che complexity of 
Che anal'^sls. These became particularly lnq>ortant after Che loss of the meteoroid 
shield. 

Many simulators were used in the design and verification of the attitude and 
pointing control system. Seventeen variations were used, ranging from full soft- 
ware modeling of the overall system to simulators vdilch used actual hardware 
wherever possible. Six of these simulators were developed and used at Marshall, 
including one which used flight-type hardware and software. The other simulators 
were developed and used at various contractor facilities. These simulators were 
developed to verify system operation and were available through the mission for 
problem diagnosis. One model used extensively late in the mission simulated 
thruster firings for given maneuvers and recorded gas used. This simulator proved 
valuable when one control gyro failed, putting a greater demand on Che thruster 
gas. With the aid of this model, timing rates of vehicle maneuvers were carefully 
planned to minimize thruster firings so that Earth observations could continue and 
meet experiment object :kves. 

Two simulators were used to support analysis of the Skylab electrical power 
system before and during Che mission. A computer program was developed for simu- 
lation of Che electrical power system performance over a wide range of operating 
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conditions and environments. The program was used on a daily basis during the 
mission, particularly in the analysis of proposed Z local vertical and quasi- 
inertial attitude modes. It was also used on an around-the-clock basis during 
the critical period following the launch of the Saturn Workshop. The program 
proved to be extremely valuable in mission profile analysis and power management. 
The power system simulator located at Marshall consisted of flight-type power 
equipment except for solar arrays, which were simulated. In addition to pre- 
mission checkout and verification tests, the simulator was used to provide hard- 
ware and power system theory indoctrination and experience for the flight con- 
trollers and the flight crews. During the mission, the simulator provided 
continuous support during activation and deactivation periods as well as during 
pr riods when anomalous flight conditions imposed close monitoring and verifica- 
tion of hardware performance. One major support effort was the verification 
that the laboratory batteries could successfully survive the abnormal extended 
storage imposed early in the mission. 

High fidelity mockups of all the modules were available for fit, function, 
and other purposes. Backup flight modules were also available, as well as nu- 
merous components for mission period tests and simulations, storage analysis, 
and other operations support functions. 

3.10 PERFORMANCE SUMMARY AND CONCLUSIONS 

The overall performance of the Saturn Workshop was very satisfactory, and 
several conclusions can be drawn from the results of data evaluation. Some sys- 
tems experienced difficulties; however, through redundant loops, workarounds, 
maintenance, and repairs, the objectives of the mission were accomplished and 
exceeded in most cases. 

The primary structure of the Saturn Workshop withstood the loads encoun- 
tered during powered flight and throughout the mission without any evidence of 
deformation or unusual stresses. The only serious structural problems were the 
loss of the workshop's meteoroid shield during launch and the subsequent loss of 
a solar array wing because of the premature deployment of the meteoroid shield. 
There were a few unexplainable structural noises and vibrations in orbit, but 
they caused no problems. The deployment sequence to convert from the launch 
configuration to the orbital configuration was completed as planned with the 
exception of the meteoroid shield and the workshop solar arrays. Leakage of 
laboratory atmosphere was much less than design specifications allowed. There 
were problems with tne operation (> f the sol'ir observatory experiment external 
aperture doors, but operational or raaiiiteuance procedures permitted continuation 
of the experiments. 

The instrumentation and communications systems performed satisfactorily during 
the mission, although some problems occurred. There were some minor problems in 
the audio subsystem with feedback, noise, and component failures. Modified opera- 
tional procedures and replacement with spare units enabled continued use of the 
subsystem. None of these problems interfered with crew operations. There were 
several problems with the television subsystem, but these were solved by in-orbit 
repair or by replacement of equipment with spares. The portable television camera 
for external viewing of Skylab was not deployed because the parasol thermal shield 
occupied the +Z scientific airlock and there was little viewing required in the 
-Z area. The deployment mechanism became inoperative and was jettisoned on Day 83. 
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The operation of the command subsystem was satisfactory, and the flexibility 
designed Into the system proved adequate when major attitude control problems had 
to be solved. The data subsystem performance was satisfactory except for several 
problems Involving the transmitters and signal processing components which re- 
sulted in slightly reduced data and transmission capabilities. The caution and 
warning subsystem operated satisfactorily, informing the crew of impending prob- 
lems and allowirtg proper reaction times to correct them. The rendezvous and 
ranging subsystem was operated for each command and service module docking and 
provided acquisition of the Saturn Workshop at ranges exceeding specifications. 

Attitude control of the Saturn Workshop was transferred from the instrument 
unit to the Saturn Workshop attitude control system as planned, with no problems. 
The system performed maneuvers and attitude stabilization throughout the mission. 
The use of large momentum storage gyros for attitude control and maneuvering 
against gravity gradient torque to manage these gyros' momentum was successfully 
proven for the first time. Maneuvers were smooth and accurate; however, this did 
cake time away from stabilized experiment activities. The flexibility of the 
system contributed to the success of the mission. The system was designed with 
in-orblt reprogreming capabillcy and extensive automatic redundancy management. 

The digital computer control programs were revised to meet new mission objectives. 
As an example, a technique was developed to refine the solar observatory pointing 
system for Comet KohouCek. This technique was implemented in the third manned 
period . 

The thruster attitude concrol system performed properly throughout the ex- 
panded mission. During the first unmanned period, after the lo's of Che mete- 
oroid shield, a large amount of propellant was used to maneuv.^: the vehicle to 
the attitude which kept Che laboratory internal temperatures and electrical power 
at an acceptable level. The loss of a control gyro during Che third manned 
period reduced the control momentum storage capability, necessitating a larger 
amount of thruster control and propellant usage than had been anticipated. 

However, the propellant supply was ample to provide the required control thre 
Che mission period with a reserve for contingency operation. 

Marginal performances and several failures occurred early in Che mission in 
rate gyro processors. The control system had sufficient built-in redundancy 
available, and by selecting other gyros the system was able to satisfy all the 
imposed maneuver requirements. As the mission progressed, the gyros were aug- 
mented by a supplementary rate gyro package, containing modified gyros, which was 
carried up and installed by the second crew. After augmentation the rate-sensing 
system performed well. 

The solar observatory experiment pointing control system performed better 
than expected. The system experienced several minor problems, but the loss of 
data was minimal. 

The electrical power system for the Saturn Workshop operated satisfactorily 
throughout the mission, in spite of Che loss of one workshop solar array wing. 
Because of reduced power, management of the electrical loads was necessary through- 
out the mission. The two independent Saturn Workshop power systems were designed 
Co be operated in parallel. This permitted sharing of power in either direction 
and provided Che required flexibility of Che power system throughout the en«"<re 
mission and particularly until workshop solar array wing deployment. The ... er 
distribution system experienced a problem when one of Che television pow:. - ' 


8hort~clrcuiced . A redundant television power bus was used for the remainder of 
the mission. There were some minor problems with the solar observatory power 
conditioners and batteries » but none of these interfered %rlth the management of 
the power system. Ground test procedures used with the solar observatory bat- 
teries resulted in the launch of batteries having undetected, premature degrada- 
tion of capacity. Despite this, the batteries performed satisfactorily. The 
solar arrays worked properly and the solar cell deterioration %ias less than ex- 
pected. 

Ihich of the capability for passive thermal control in the workshop was lost 
idten the meteoroid shield was tom off. The resulting high temperatures were 
brought tinder control only when the parasol thermal shield was deployed on Day 
14. After the Saturn Workshop was activated and the workshop shielded, tempera- 
tures throughout the laboratory remained within the specified range. The elec- 
tric heaters developed no problems, and the few problems associated with mechan- 
ical components in the coolant loop were corrected. There was an unexplained 
loss of coolant, and the third crew replenished the si^iply of coolant. The re- 
frigeration system failed to maintain the specified temperature for a short time, 
but the problem was cleared up before the effects became slgalflcant. The coolant 
system for the controls and displays used for operating the instruments in the 
solar observatory developed some minor problems that did not interfere with the 
collection of data. 

The environmental life support system operated satisfactorily throughout the 
mission. The supply of nitrogen and oxygen was more than adequate, despite some 
unplanned laboratory atmosphere purges with nitrogen deemed necessary because of 
Che possibility of toxic gases during the first days of the mission. There were 
some minor problems with valves, leakage, and the condensate dump system, but 
none of these interfered with crew operations. Some crewmen thought that the 
humidity was too low. Others would have preferred ways to control air flow in 
areas where there were no duct outlets, but overall atmospheric circulation was 
good. 


The crew systems provisions were generally satisfactory. There were a few 
problems with the operation of supporting equipment, such as the washcloth squeezer, 
water heater, shower blower, trash airlock, and water dispenser, but these did not 
Interfere with the mission or crew comfort. All crews preferred the orientation 
in the workshop, with floors, walls, and ceilings, to the cylindrical arrangement 
in other parts of the laboratory. The water supply and management were satisfac- 
tory. Disposal of trash and wastes was handled satisfactorily, although there 
were some minor problems in the systems. Sleep provisions caused minor annoyance 
to some crewmen, but this seemed to result mostly from individual physiological 
differences or preferences. More handholds would have been helpful in the areas 
away from the work stations. Crewmen usually pushed off and drifted to the target 
spot, and they needed rigid restraints or prbjectlons for changing direction. 
Lighting throughout the laboratory was adequate for most purposes, but crewmen 
needed brighter light for precise maintalnance tasks and for reading. Crewmen 
also recommended a number of improvements to control and display layouts. Extra- 
vehicular activity operations were highly satisfactory. Inflight maintenance 
operations far exceeded premission planning and showed that there are few limi- 
tations to repairs that could be accomplished in orbit. 

The quantity of contaminants induced by Skylao in its surrounding environment 
resulted in a background brightness level that was higher than predicted. However, 



3-38 


the steady-state level was maintained below the threshold sensitivity levels 
of the experioients while data was being taken. Deposition on quaitz crystal 
microbalances with Skylab surfaces in their field of view is believed to be the 
results of outgassing and service module engine firings* Measured deposition 
correlated closely with the premission math model predictions as updated for the 
configuration change of the added thermal shield, and docking and fly— around 
effects. There was no contamination effect on some experiments, vdiile the effect 
on others associated with anomalous contamination conditions will not be known 
until the experiment results are completed. White thermal coatings on surfaces 
turned to a tan-brown color, and the role of contamination in this is still under 
investigation. Solar array power sliowed no discernible degradation due to con- 
tamination. The star tracker apparently tracked cont^inant particles until 
changes in operational procedures eliminated this problem. In general, the con- 
tamination control incorporated into the Saturn Workshop design and Skylab mis- 
sion procedures appears to have been effective. 

The performance of experiments, with few exceptions, was as planned or better 
than expected^ Some equipment problems were experienced and some crew time was 
diverted for various reasons; however, the efficiency of the crew and the exten- 
sion of the mission more than compensated for the time lost. The majority of the 
student experiments and science demonstrations planned were successfully completed. 
The integration of the equipment associated with the life science experiments 
functioned satisfactorily and provided necessary medical data to establish confi- 
dence that crews could perform without detriment to their health. 

Every solat observatory experiment had some type of difficulty associated 
with it; however, no problem rendered experiment equipment inoperative. Three of 
the astrophysics experiments had to be relocated outside Skylab because the 
scientific airlock was occupied by the thermal shield support. Data were obtained 
from all of these experiments by use of alternate procedures or by repair or re- 
placement of failed items. 

Viewing requirements for Comet Kohoutek were established before the beginning 
of the third manned period. Most of the instruments used to photograph the comet 
were already on Skylab, and new procedures were developed for data recording. One 
extravehicular activity was devoted to photographing Comet Kohoutek. There were 
no problems with the experiments, and most of the planned objectives were met. 

The materials and manufacturing experiments met all premission r ulrements. 
Returned specimens from the metals processing experiments were so impr '.ssive that 
it was decided to resupply more seoq>les for the third manned period. Tne proce- 
dures and methods of investigation were changed to give more data. 

3. 11 ACCOMPLISHMENTS 

Tables 3-VIII and 3-IX sunmarize the accomplishments and results of the mis- 
sion. The manned flight time and the time spent on experiments and extravehicular 
activity exceeded the accumulated totals of all of the world's previous manned 
space flights. The number of revolutions and the orbital path permitted close 
viewing of that 75 percent of the Earth's surface which contains 90 percent of 
the human population. The solar observatory accumulated over 941 hours of solar 
viewing and Included periods of many and diverse solar activities* 
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Table 3-VIII.- Mission Summary 


Crews 




ToUlS 

Cwiiwler 

Charles Conrad, Jr. 

Alan L. Bean 

Gerald P. Carr 


Miot 

Paul 0. Neltz 

Jack k. lousaa 

Ullllai R. Pogu* 


Scfentfst pftot 

Joseph P* Kierwfn 

Owen K. Oarriott 

Edward G. Gibson 


iMnches 

nty 2S. 1973. 
9:00 mi Edt 

July 28. 1973. 
7:11 M Edt 

Moveaber 16. 1973. 
9:01 AM Est 


kecoverfes 

Jane 22. 1973. 
9:49 M Edt 

Septoiber 2S. 1973. 
6:19 PN Edt 

Febniary 8. 1974, 
11:17 AK Edt 


Uwidi veMcU (crew) 

Saturn IB 


Uwicfc vdilcle 
(Satum Hbrfcsliop) 

Saturn V 

fby 14. 1973. 1:30 PH Edt 


OrtIUl altitude 

Approxlaately 43S klloneters 


Orbital Ificllfiatloii 

50 deorees 


Orbital period 

Approiteately 93 nlFMites 


Or»i:«I dtsuace 

26.S75 nlles 


Distaflcr traveled 
(fiiiwed) 

11.5 ■llllon nlles 

24.5 nllllon nlles 

34.5 allllon wiles 

70.5 Billion afles 

Naeeed periods 

BddaySd 
49 elnutes 

59 days. 11 hours. 
9 alnutes 

84 days. 1 ^lour, 
15 alnutes 

171 days. 13 hours. 
14 .Inutes 

Mcr of 

reweltttloiis (eanned) 

404 

85B 

1214 

2476 

Lctravehlcelar 

activities 





Stand up (coHBond 
and service aodule) 

Hay 2S. 1973. 
37 nirutes 




1 

Ju /* 1973. 

3 nours. 30 nlnutes 

August 6. 1973. 

6 hours. 29 alnutes 

Novartwr 22. 1973. 

6 hcurs. 33 alnutes 


Z 

June 19. 1973. 

1 hour. 44 ninutes 

Auoust 24. 1973. 

4 hours. 30 almifts 

Oecemier 25. 1973. 
7 hours. 1 alnute 


3 


Septeaber 22. 1973. 
2 hours. 45 alnutes 

Oeceaber 29. 1973. 

3 hours, 28 alnutes 


4 



February 3. 1974, 

1 hours. 19 alnutes 


Totals 

S hours. 41 almites 

13 hours. 44 sirutes 

22 hours, 21 alnutes 

41 hours. 46 alnutes 


Table 3-IX.- Experiment Sumnary 


Experlaent group 

Manhours 

Nuaber of Investigations j 

Crew 1 

Crew 2 

Crew 3 

Total 

Planned 

Actual 

Percent 

deviation 

Solar physics * 

117.2 

305.1 

519.0 

941.3 

880t 

941 + 

7.1 

Astrophysics 

36.6 

103.8 

133.8 

274.2 

168 

345 

105 

Earth observation ** 

71.4 

223.5 

274.5 

569.4 

62 

99 

60 

Ll^e science 

145.3 

312.5 

366.7 

824.5 

701 

922 

32 

Engineering and technology 

12.1 

117.4 

83.0 

212.5 

264 

245 

-3.4 

Materials science and 
aamifacturlng In space 

5.9 

8.4 

15.4 

29.7 

1G 

32 

220 

Student 

3.7 

10.8 

14.8 

29.3 

44 

52 

18 

Totals 

392.2 

1061.5 

1407,2 

2880.9 

'* Manhours 



• File, fraaes 

28.739 

24.942 

73.3C8 

127.047 




File, fraaes 

9.846 

16.800 

19.400 

46.046 




Magnetic tape, feet 

45.000 

93,600 

100.000 

238.600 





7 
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The capability to conduct longer manned missions was conclusively demon- 
strated by the good health of the third crew after they had stayed in space 
for 84 days. The effectiveness of the crews exceeded all premission expecta- 
tions. Their ability to perform con^lex repair tasks was Instirumental in re- 
covering the full mission capabllltyt and also contributed greatly to fuliilling 
planned operations throughout the extended period. They exceeded the operational 
and experimental requirements placed upon them by the premission flight plan in 
addition to overcoming the numerous problems encountered. The third crew per- 
formed a number of scientific investigations and demonstrations not initially 
scheduled, including the Comet Kohoutek study and several science demonstrations. 

The Skylab operation was a spectacular success. It marks the transition 
from the exploration to the e:iq>loitation of this vantage point for the benefit 
of mankind. The vast achievements of the mission will be unfolding for a long 
time, 3 rLelding new knowledge in technology as well as its application. The ex- 
perience and documented results will serve as a logical stepping stone to mis- 
sions of the future. 



SECTION 4 

STRUCTURES AND MECHANISMS 


Structures are divided into three parts* priioary or load bearing structures, 
secondary structures, and pressure vessels. Evaluation of all these is limited 
because instrumentation was not installed for this purpose. The performances of 
the deployment mechanisms and the solar observatory doors are included here. The 
mechanical devices which are an Integral part of a system are described and eval- 
uated with that system. Additional information concerning the structural system 
and all the mechanical equipment is contained in reference 10. 

4.1 STRUCTURES 

Structural elements of the Saturn Workshop must satisfy several requirements. 
The structure must withstand all loads encountered during prelaunch handling, 
launch, ascent, deployment, attitude changes, docking, and other activities in 
orbit. Haxlmum loads, in most cases, occur during launch. Engine thrust pro- 
duces compressive loads over the whole length of the vehicle, and gimbaling the 
engines generates bending loads. Aerodynamic forces resulting from the flow 
field around the vehicle produce additional compressive and bending loads. Ten- 
sile and shear loads result from local reactions. Superimposed on these are vi- 
bration and acoustic loads. The structure must also provide radiation protection 
and a pressure-tight enclosure for the laboratory with a very low probability of 
mlcrometeorold penetration. 


4.1.1 Primary Structures 

The major elements of the Saturn Workshop (fig. 2-1) are subjected to dif- 
ferent loads, and the design of each takes into account the critical load or com- 
bination of loads it carries. During launch the shroud is subjected to aerody- 
namic loads and the effects of acceleration upon its own mass, and also carries 
part of the load produced by the solar observatory during acceleration. The 
aerod3naamlc loads predominate on the greater part of the structure, producing 
compressive loads and bending loads due to the angle of attack resulting from 
the launch vehicle pitch program. Generally, the critical condition occurs when 
the product of dynamic pressure and the vehicle angle of attack reaches its max- 
imum value. Other loads that act on the shroud govern in limited regions but 
impose no additional requirements on the basic structure. 

The solar observatory consists of the canister, which is a cylinder contain- 
ing instruments; the spar, fdilch is a cruciform supporting structure inside the 
canister; and the rack, which is an assembly of trusses surrounding the canister. 
The rack transmits loads from equipment mounted on the rack, solar arrays, and 
caniste* either to the shroud or to the supporting truss, which is the permanent 
structural link between the solar observatory and the airlock trusses. A crit- 
ical load on the rack occurs at the time of first-stage separation. The support- 
ing truss carries a part of the loads during ascent and reacts to various forces 
during deployment of the solar observatory. Another critical load occurs during 
docking because of the large moment associated with the offset mass of the solar 
observatory. 



A- 2 


The docking adapter Is subjected only to inertial loads during launch, since 
It Is surrounded by the shroud. The largest loads are the Impact loads that oc- 
cur during docking. Loads acting on the docking adapter are transmitted to the 
structural transition section and through this to the airlock trusses, which also 
support the airlock, solar observatory, nitrogen storage tanks, batteries, and 
other components. The inertial load associated with maximum acceleration is 
critical for both the structural transition section and the airlock trusses. 

These loads, as well as the shroud loads, are transferred to the fixed airlock 
shroud, and from there to the instrument unit structure. The combined load 
reaches its highest value at the time of maximum acceleration. Loads other than 
those due to internal pressure or reactions are transmitted from the instrument 
unit to the forward skirt of the workshop, through the cylindrical section of the 
tank to the aft skirt, and from there to the launch vehicle interstage. In ad- 
dition to compressive and bending loads carried through the instrument unit, the 
woricshop must carry its own inertial and aerodynamic loads, and it must with- 
stand the internal pressure necessary to give structural stability to the cylin- 
drical section. The effects of bending predominate, and the maximum aerodynamic 
load during ascent establishes the critical design load for the workshop. 

Only limited data are available for quantitative verification, but the in- 
tegrity of the Saturn Workshop’s primary structures was demonstrated by success- 
ful performance. Data from sensors on the Saturn Workshop and launch vehicle 
showed strong disturbances when the meteoroid shield was lost; a rate-sensing 
gyroscope indicated a clockwise rotation with a maximum rate of 3 deg/sec, and 
an accelerometer showed a shock with a maximum amplitude of 17.2 g's. Although 
these values exceeded the design criteria, calculations based on data obtained 
from the launch vehicle indicated that structural design loads of major compo- 
nents were not exceeded. No evidence of yielding was reported by the crews, nor 
is any apparent in photographs taken from the command module. There were no data 
on internal sound levels. External sound-pressure levels during launch were less 
severe than had been expected. Low-frequency vibration lata from two points in 
the Saturn Workshop showed no significant effects on the structure. 

A. 1.2 Pressure Vessels 

Except for the workshop, the laboratory is designed to operate at 5 psl and 
withstand a bursting pressure of 6.2 psi. To provide added rigidity and strength 
at launch, the workshop is pressurized to between 23 and 26 psla. The airlock 
and docking adapter are at ambient pressure at launch and are vented during 
ascent. The internal pressure in orbit reached a maximum value of 5.8 psla when 
experiments were conducted with the maneuvering unit during the third manned per- 
iod. In addition to withstanding internal pressure, the structure must also con- 
trol leakage of the internal atmosphere. At 5 psia and 70°?, the leakage rate 
allowable by design for the Saturn Workshop is 1A.7 Ib/day, but the average rate 
during the mission was only approximately 3 Ib/day. 

The laboratory pressure vessel also provides the primary radiation protec- 
tion. In-orbit measurements in the airlock showed the average internal radiation 
to be about 0.1 rad/day, well below the design limit of 0.6 rad/day. 

A number of pressure vessels were required to store the gases needed to sup- 
ply the atmosphere and to meet other demands. Six 57 ft^ cylindrical tanks in- 
side the fixed airlock shroud (fig. A-1) contain oxygen at ambient temperature 
and at an initial pressure of about 3000 ps'’^. Six 19.3 ft^ spherical tanks on 
the airlock trusses (fig. A-2) contain nitrogen, also at ambient temperature and 
at about 3000 psla. These tanks furnish gas for the internal atmosphere and for 
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Figure 4-1,- Fixed airlock shroud and oxygen tanks. 

c*’! i^^O’^^tory. At the aft end of the workshop are 23 spher- 
containing nitrogen at ambient temperature and ini- 
these supplies high-pressure gas to operate 
Thrni mechanisms, and is vented after these functions are cLpleted. 

he others supply propexlant to the attitude control thrusters. None of the 

anH ^ > although two tanks exceeded operating pressure limits 

tht> a«^ exceeded qualification test temperatures. Neither the tanks nor 
the associated tubing exhibited any detectable leakage, 

4.1.3 Secondary Structures 

rfiij^ows. - The ,>atuin Workshop has 12 windows for photograohy and data col- 
with experiments, crew observation during' extravehicular 
at^^c^.,r^ viewing during off-duty periods. They must maintain 

^ ^"^®Brlty and leax-txghtness after exposure to shock, vibration, 

prcssure, temperature extremes, ionizing radiation, and impacts by 
micrometeoroid a or crewmen. ^ 


A. Morewlar sieves E. Fixed airlock shrovd 

B. Structural transition section F. A^riock hatch 

C. Oxygen tanks C. Handrails 

0. Nitrogen tanks H. Electrical control and display panels 
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port. It is of high optical 'luallty to prevent degradation of data. The window 
is supported by a spring systeni so that vehicle distortions do not induce flight 
loads into the glass. External and internal covers protect the surfaces from mi- 
crometeoroid Impacts, contamination, and internal impacts. The external window 
cov^ is operated mechanically from inside, and external Insulation minimizes 
heat loss* The infrared spectrometer experiment window is borosllicate crown 
g. sss, i.96 inches in diameter and 0.48 inch thick. The two multlspectral scan- 
ner experiment windows are 3 Inches in diameter and 0.25 inch thick. One is mad< 
of germanium and the other of fused silica. The external cover for these la part 
equip nent. All four windows were structurally satii^factory 
throughout the mission, and the crewmen had no adverse comments. The multlspec- 
tral photography window cover mechanism was operated in orbit for 100 cycles 
without any problem. 


External cover latch Cover sci?w knob 


safety cover 


Vent Mith 
safety pTug 


Optical 


ExUrnal window co^er 


xternal cover Tatch \ \yy^^ % \ / 

^ — Meteoroid shield & ^ ^ 

*^r'essure skin 

Multlspectral photography experiment window, 

are seven windows In the airlock; four oval windows, 8 by 12 inches 
ntervals of 90 degrees around the aft part of the structural transl- 
n; two windows, 8,5 inches in diameter, one in each of the airlock's 
tcnes; and one window in the extravehicular activity hatch. All 
MS are double-glared, and the five windows for external viewing have 
venting the space between the panes. The windows in the structural 
section are protected externally by sliding plastic-laminated flber- 
B operated by Intenial crank assemblies which are locked by quick- 
3. external pane of each window is Vycor glass, 0,42 inch thick 
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cavity bleed valves and showed no signs of fogging. Their size wan considered 
adequate, and the windows were structurally satisfactory. The window in the jx- 
travehicular hatch is identical to the hatch windows used in the Gemini program 
except for the addition of a vent valve and ultraviolet and Infrared coatings. 

The stowed cover was installed over this window by the first crew and the window 
was never used. 

The wardroom window (fig. 4-4) allows photography and observation by the 
crew. It is about 18 inches in diameter and consists of two panes of fused sil- 
ica. The inner pane is heated to prevent condensation from the atmosphere of the 
Saturn Workshop. The space between the panes was filled with dvy nitrogen duriaa 
fabrication. A removable metal cover fits over the window on the inside to pro- 
tect the window against bursting pressure during launch and ascent and Is put over 
the window for unmanned periods as a precaution. The window has a shade to shut 
out light and a transparent shield to protect the window when it is not being used 
for photography. The window met all functional requirements except for recurring 
condensation in the space between the panes (11.4.5). 



Hatches .- The docking adapter hat> a circular, ivward -opening hatch (fig. 
4-5) at each docking port. The hatches are 32 inches In diameter and 1.2 inches 
thick. Each is held in the closed position by six over-center latches linked to 
a central shaft. Handles attached to the shaft on both sides of the hatch allow 
opening and closing from either side. A launch lock, which can be locked only 
from the outside but can be unlocked from either side, restrains the handle in 
the closed position at launch and dur.ug unmanned periods. A lip on the edge of 
the hatch depresses a silicone rubber seal in the docking ring to furnish a 
preasure-tight closure. Six mechanical stops limit the depth the seal is de- 
pressed to prevent overstressing it. Each hatch has a differential-pressure 
gage and a pressure-equalization valve. The Iiatch at the axial docking port was 
opened and closed * hree times during the mission, and no problems were reported 
with operations. Ine emergency radial hatch was not used. 

The design of the extravehicular activity hatch in the airlock originated 
in the Gemini "rogram. For use in the Saturn Workshop the original ratchet 
handle is rep. d with a single-stroke handle having a positive lock to hold It 
closed. To kt .,. the hatch frem opening fully before the pressure is equal on 





II 


I 



4-8 


have remained at a low value. Instead, it increased, staying about 0.2 to 0.3 
psi less than the pressure in the workshop until the flow of gas into the work- 
shop had ended. After this, pressures equalised on both sides of the hatch. Ap- 
parently, gas was leaking either around the hatch or through one or both check 
valves. The check valves had opened as expected during venting and they may not 
have reseated properly. The first crew Inspected the seal, and, although nothing 
unusual was found, the crew rigged flapper valves to fit over the check valves on 
the workshop side. Either the valves were effective, or a Jiggling of the check 
valves when the hatch was first opened allowed them to seat properly, as there 
was no subsequent evidence of leakage. This hatch was used successfully nine 
tines to seal off the lock section during extravehicular activity. 

Brackets.- Structural support brackets for axMinting equipment are located 
both lnslde~and outside the Saturn Workshop. The secondary structures were de- 
signed with high factors of safety so that ground testing would not be neces- 
sary. No failures were reported. 

Meteoroid Shields.- Protection against penetration by mlcrometeoroids is 
provided for pa. _ of the pressure shell of the docking adapter by aluminum panels 
O.OS inch thick on the cone and 0.02 inch thick on a portion of the barrel. Fi- 
berglass standoffs support the pauiels 3 inches from the pressure shell. Approx- 
imately 75 percent of the cylindrical portion of the docking adapter Is protected 
by a radiator constructed of 0.03— inch magnesium, with attached cooling tubes, 
that is bolted to fiberglass standoffs. The radiator also protects the struc- 
tural transition section of the airlock against penetration. The fix^ airlock 
shroud and instrument unit, augmented by curtains tnade of fiberglass impregnated 
with rubber, protect the rest of the airlock and the forward dome of the work- 
shop* 

A wraparound shield of aluminum panels, 0.025 inch thick, was to have pro- 
tected the cylindrical part of the in>rkshop against penetration by mlc meteor- 
oids. This shield was held tightly against the cylindrical shell of the work- 
shop at launcti and was to have been deployed 5 Inches from the shell when the 
Saturn Workshop reached orbit. The shield was lost during ascent (4.3.1). As 
shown in table 4-1, there was a resulting reduction in the prohabillty that im- 
pact by a micToiaeteoroid would not cause loss of internal pressure. This was 
accepted, and the mission proceeded. During the 9 months of the mission, no 
loss of atmosphere occurred because of penetration. 

Table 4-1.- Probability of No Docking Ports .- The docking adapter 

Penetration by Micrometeoroids has an axial and a radial docking port, 

both identical in construction. They 
have standard Apollo drogues and docking 
Interfaces. The axial port is equipped 
to transfer electrical power, communica- 
tions, and conditioned air to the com- 
mand module. With the exception of some capture and latching problems described 
in reference' 15, 16, and 17, the docking ports were satisfactory. 

4 . 2 MECHANISMS 
4.2.1 Deployment 

The Saturn Workshop could not be launched in its orbital configuration be- 
cause of aerodynamic and structural loads, and a sequence of deployment is neces- 
sary after it reaches orbit. Each step in the sequence is irreversible. Command 
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signals originating in the instrument unit initiate the sequence, although de- 
plo\Tnent can be commanded from the ground. Pyrotechnic devices, stored high- 
pressure gas, electrically driven devices, and mechanical devices such as springs 
are used to supply the force necessary to effect the deployments. Some of the 
deployed elements are shown in figure 4-6. 



A, 

DUcone 4ntenn*^ 

E* 

Solar observatory solar array 


B. 

UnrlishOEl sotar Array 

F* 

Reode^vous aod ranging intenna 


c. 

Seiler array beam fafring 

G. 

Solar obter^^atory 



‘^arato? tbvmal shfald 

H, 

Drbtojmit truis 



Figure 4-6.- Stiturn Workshop with all elements deployed. 

Radiator Shield . - The location of the refrigeration radiator at the aft 
end of the workshop places it in the region affected by exhaust gas from the 
rocket motors used to separate the launch vehicle. A shield protects the radi- 
ator surface from impingement by the cxiiaust gas. Two concentric pieces connect 
the shield to the radiator. The inner piece is attached to the center of the 
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Dlecone Antenna Boons . - These two 
booms are protected by the shroud until 
the Saturn Workshop reaches orbit. Each 
boom consists of an inner and outer sec- 
tion. At launch, the outer section is 
folded back against the inner section, 
and both sections together are folded 
back against the supporting truss, where 
straps secure them. To deploy the booms, 
an electrical current heats and breaks 
a wire, releasing a pli^nger which al- 
lows a scissors assembly to open. 

This releases a cable restraining 


Figure 4-8.- Jettisoning the shroud. 
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radiator, the outer piece is attached to the shield, and the two pieces are 
locked together by retaining balls (fig. 4-7). A plunger holds the retaining 
balls in place. High-pressure gas is admitted to an actuator which drives the 
plunger to a point at which the retaining balls are free to move, allowing the 
piec'28 to separate. A spring compressed between them expands, ejeccing the 
shield with enough velocity to preclude further contact %rlth the Saturn Workshop. 
Jettisoning the radiator shield was initiated 10 minutes after launch. The op- 
eration was successful. 


t»1it 


Figure 4*7s- Radiator shield 
release w 


the Saturn Workshop, 
utes after launch. 


Shroud .- At launch « a shroud com- 
posed of conical and cylindrical segments 
encloses Che docking adapter^ solar ob- 
servatory, and airlock (fig. 2-1) to pro- 
vide an appropriate aerodynamic shape. 

/ The shroud consists of four longitudinal 

y sections fastened together vlth hon mem- 

bers and rivets. An expansible bellows 
J containing a detonating fuse is compressed 

between the box members. Ring frames at 
the aft end and at Che juncture between 
the cylindrical and conical segments are 
4 connected across the joints by tension 

[ links held by pins. Each pin is part of 

“ actuating mechanism comprising a cyl- 
inder, the pin itself, and a piston to 
which the pin is attached. To release 
the tension link, gas from a pressure 
MM cartridge forces the piston to Jiove, pull- 

tension link- Ig- 
niting the detonating fuse within the ex- 
pansible bellows causes Che bellows to 
expand with enough force to shear the 

rivets and to propel the four sections 

W I ) of the shroud away from the Saturn Work- 

— ) shop (fig* 4-8). Ten minutes after 

if j i launch, a maneu pointed the Saturn 

Workshop longlL il axis toward the 
or shield center of the £ai with the forward end 

down, to maximise the separation distance 
beLween the sections of the shroud and 
Jettisoning the shroud was successfully completed 15 min- 
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the sections of the booffis, and torsion springs in the rotary joints then force 
the booits to unfold. Viscous daapers in the rotary joints provide smooth rota- 
tlon, and mechanical locks in the joints engage when the booms are fully extended 
to hold them in place. 3eployi«nt of the boons was initiated at 17 minutes after 
launch and completed without trouble* 

Solar Observatory.' For launch, the solar observatory, with its solar ar- 
rays folded. Is folded into che X axis of the Saturn Workshop and is enclosed by 
the shroud. Split fittings, attached to the shroud at the planes of separation, 
provide a floating support until after the shroud is Jettisoned. When th,. longi- 
tudinal sections of the shroud separate, the split fittings pull apart and four 
rieidifylng mechanisms lock the solar observatory to the upper part of the sup- 
portine truss. This two-part truss is connected together by a pair of trunnions 
having a coanon axis, and the lower part is attached to the fixed airlock shroud. 
The first coartiad initiates deployment of the solar observatory by firing pres- 
sure cartridges to retract pins so that the upper part of the supporting truss 
is free to rotate. The next coimand starts electric motors to wind in two cables 
connecting the upper and lower parts of the supporting truss, to rotate the solar 
obser\'atory 90 degrees (fig. 4-9). The cables are attached to a reel on each part. 
T.te electric motors drive the reels in opposite directions » winding in the cables 
and pulling the parts together. When the parts meet, a hook attached to the upper 
part engages a neober on the lower part, firmly latching l»th parts together ^ 
the deployed position. The next command releases four axial launch locks hold- 
ing the canister rigidly in place, completing the deployment of the solar observ- 
atory. Deployment was initiated 17 minutes after launch and successfully com- 
pleted 8 minutes later. 

Solar Observatory Array .- Each of the four solar array wings consists of 
rectangular panels hinged together and to the rack. Struts pinned to the centers 
of the edge members of the panels are pivoted together at their ends to form a 
scissors assembly. The struts nearest the rack are connected to a crossbeam at- 
tached to two sliders. Gas from a pressure cartridge rotates ^ torque tube, re- 
leasing a rod which holds the array at launch. Cables attached to the top and 
bottom of the sliuers and driven by electric motors then move the crossbeam. De- 
ployment of the array was successfully completed 28 minutes after launch. 

Workshop Array.- There are two solar array wings mounted on opposite sides 
of the worksW^ Each wing consists of solar panels hinged together into three 
sets, or wing sections, and folded at launch Into a cavity on the underside of a 
supporting beam, which Itself is folded along the side of the workshop over the 
meteoroid shield. This beam protects the arrays from aerodynamic forces during 
ascent and provides stn-’iural support before and after they are deployed. Each 
bean is held flush agal the structural shell of the workshop during launch by 
attachments at four poi • on the aft skirt and ct two points on the forward 
skirt. The beam is bolted to a track sucured by tension links consisting of^^o 
pieces which fit together around two explosive expansible tube assemblies. The 
track permits relative motion between the oeam and the workshop. A charge is 
fired to break the tension links on the inboard sidej should this fail to release 
the b'uns, a second charge is fired to break the links on the outboard side. 

Alter being released, the beams are free to rotate about hinges located In 
the forward fairing. An actuator consisting of a helical spring wrapped around 
a cylinder containing a piston and hydraulic fluid presses against a lever arm 
attached to the beam. Freeing the beam allows the spring, which is compressed 
during installation, to expand, pushing the beam outward. The piston forces 
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hydraulic fluid through an orifice to damp the motion. When the hinge reachee 
its limit V a latch is tripped^ locking the beam in place. 

Deployment of the solar array wing sections follows that of the beams. The 
three wing sections carried by each beam are mechanically independent. Hinges 
between the solar panels permit the wing section to be folded , accord ion- fashion* 
for storage. Each wing section has two hinged stabilizing beams which assist in 
deployment and give rigidity to the deployed wing section. Restraining mechanisms 
mounted Inside the cavity of the beam airport each wing section and its stabiliz- 
ing beams before deployment. Each restraining mechanism has two cinch bars. One 
cinch bar is connected to the beam by a pivot and is held in place by a tension 
strap. Breaking the tension strap with an explosive charge releases this cinch 
bar* which swings out of the way* releasing the solar panels on one side. At 
the same time* the .x>tlon of this bar, translated through a shaft, releases the 
other dneh bar, completing the release of the panels. Springs In the hinges 
between sections of the stabilizing beams cause these beams to extend, carrying 
the solar panels with them. The tm stabilizing beams attached to each wing sec- 
tion are linked to a coniKm damping mechanism which synchronizes and regulates 
the deployment. 

A signal received approximately 63 seconds after launch indicated the re- 
lease of solar array wing 2. Approximately 593 seconds after launch, almost 
concurrently with l^ition of the rocket motors for separation from the second 
stage* there was a loss of data from all transducers on this wing. Following 
its programed sequence* the instrument unit commanded release of both beams 41 
minutes after launch* and the solar arrays were commanded to deploy 11 loinutes 
later# A subsequent signal Indicated that the beam holding wing 1 had released, 
but there was no Indication that the wing sections had deployed. The backup com- 
mands to release the beams and deploy the wings were given. Since no power was 
produced* it was assumed that deployment was incomplete. The first crew veri- 
fied on Day 12 that solar wing 2 was missing (4,3.2) and wing 1 was partially 
deployed, held in position by a strip of the meteoroid shield (fig. 3-10). A 
crewman succeeded in removing the strip of meteoroid shield on Day 25 during an 
extravehicular activity (10,4), freeing the beam to rotate out. After 25 days 
in orbit, however* the hydraulic fluid in the actuator had become so cold that 
the spring could not move* This problem had been anticipated, and the crewman 
broke the clevis holding the actuator to the workshop by torquing the beam. 

The beam had enough momentum when it broke free to rotate to the fully deployed 
position. 


I 


The three wing sections in the beam had partially deployed when the cinch 
bars were released on Day 1. By the tiiae the beam was deployed, the hydraulic 
fluid In the damping mechanisms on the wing sections was also too cold to permit 
the wing sections to deploy. A maneuver was made to expose them to direct sun- 
light, and the wing sections began to extend slowly. They were completely de- 
ployed and fully operational 6 hours later. Results indicate that deployment of 
both the workshop's solar array wings would have been normal if the meteoroid 
shield had not failed. 


Meteoroid Shield .- During launch the shield was tight against the work- 
shop pressure skin. On command, a confined detonating fuse inside an oval ex- 
pansible tube would fire and force the tube to a round configuration, rupturing 
six tension straps. This would allow 16 preloaded torsion bars, 8 on each of 
the forward and aft workshop skirts, to rotate about 165 degrees to deploy the 
shield to a position 5 inches from the workshop skin. A folded panel section 
under the ordnance would unfold to provide the additional circumference. Latches 



at four of the torsion bars would hold it in the deployed position. Approxi- 
mately 63 seconds after launch, indications were received that the meteoroid 
shield had deployed. Subsequent data and analyses confirmed this, and the crew 
verified it during the flyaround on Day 12. This anomaly is described in 4,3.1 


Each solar observatory experiment instrument in the canister is 
aperture door for thermal and contamination control (fig. 4-10). 

^ The doors are identical except in size and 
1 shape. Each is a fiberglass shell con- 
tain in g multilayer insulation, with a shaf 
at one comer for opening and closing, Op' 
posit e the shaft, a tapered latch, fitting 
\\ into a U-shaped, ramp- latch stop attached 
to the sunshield, holds the door closed 
V during ascent. A bulb-shaped seal of sil- 
* ‘ 1 leone rubber covered with low-friction 

M cloth, attached to tht perimeter of the 

' ' door's face, seals the aperture at the 

* ''■; ramp. An identical mechanism (fig. 4-11) 

- comprising two electric motors, a threaded 

Bjf — jk spindle, a carriage, a lever, and limit 
W/ ' ^ jy’ switches opens and closes each door. The 
f/ motors, either singly or together, 

f rotate the spindle to move the carriage 


* i . 
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Figure 4-11.- Typical aperture door mectianism. 

4 . 3 anomalies 

4.3.1 Workshop Meteoroid Shield 

and as the launch vehicle passed 
the maxi^ dynamic pressure, the meteoroid 
cal section of the workshop was torn away. The 
:r^“tha^ ^siilted and the actions taken to correct them «e de- 

4 K a <n 3 2 Of the several possible failure modes identified, the most pro 
scribed in 3.2. Of _ resulted in Internal pressures in the auxlll- 

able was from This pressure forced the forward end 

the shield was stripped away. Some of the to to ^ ^ available data from 

°of “t a:SuItrf..ra C^pla^ .e,u.;tlal history of tho ovento. 

and a certain amount of hypothesizing is required. 

meteoroid shield »ss s very Um"''” 

In <1° irillistMtnd toSSurrd-uf’ The workshop, which It 

ro^idsrirdruierr hipii:n' r^i„ 

“ird.r.hr^ rep“; 

fr'i; o:rirJ=Tc:fsi 

r.;t s:.r- 

rho»«fir>^s^« « '^rir.rio thf* 

hntterflv hinaes were designed to rotate on deployment so as to lie agatost 
sjLs of the Lin tunnel, which enclosed the tension streps end so* cnble tuns. 

proceeding clockwise fro. the 

L“s;crhe“*oTsnelt ^lll^^'tiLtteLrold sLeld. ihe 28 sreh-shsped tlt.nl* 


Approximately 63 seconds after liftoff 
through Mach 1 and was approaching 
shlRld that 
many seriou 
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framea of the tunnel provided a very springy section in the relatively rigid hoop 
of the rest of the shield. These frames were a structural tie between two shield 
panels and provided both regulation of the preloading of the shield and a relief 
for diametrical workshop changes caused by thermal and pressure variations. The 
auxiliary tunnel also enclosed a smaller tunnel covering the wiring for the 
thrtister attitude control system. Farther around, in position I, there were two 
curved rectangular smaller panels included to provide prelaunch access to the 
workshop* 

Between positions I and IV, the two halves of the shield overlapped and were 
Joined by a series of 14 trunnion bolts and straps. These trunnion bolts were 
used to adjust the tension with which the shield was held against the workshop 
during launch. To provide the e itra 30 inches of perimeter required when the 
shield was deployed, a foldout panel assembly, released by ordnance, was included 
in the shield adjacent to the trunnions. There were small panels located over 
the scientific airlock and wardroom window at position III, and the shield was 
conpleted at the butterfly hinges and tension straps at position II. The two so- 
lar array wings, which are not shown in the figure, were folded along the work- 
shop outside the meteoroid shield. They extended forward and aft of the shield, 
with the hinges at the forward end. They were secured to the workshop at both 
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taken to ensure that all fastening rivets be either flush with or below the Teflon 
surface of the shield. In preparation for launching, the shield was tightened 
against the workshop In an effort to get contact over the entire surface. 

The launch position of the shield Is shown In figure 4-13 and the shield de- 
ployment mechanism Is described In 4.2.1. It can be seen from figure 4-13 that 
tdien the ordnance fired at position IV and released the shield, the torsion links 
on one side rotat.^d In a direction opposite to those on the other side. The tor- 
sion rods and the butterfly hinges on each side of the main tunnel caused the 
radial displacement of the shield. The meteoroid shield should therefore be re- 
garded as a very limp system which depended on being stretched tight around the 
workshop to withstand the aerodynamic, vibration, flutter, and thrust loads during 
boost flight. After deployment. It needed very little strength to serve Its pri- 
mary function as a meteoroid shield. 

The first anomalous Indication was an Increase In the second stage telemetry 
reflected power, from a steady 1.5 watts, beginning at 59.80 seconds after launch. 
By 61.04 seconds, the reflected power had reached about 1.75 watts, and by 80.38 
seconds. It had stabilized at about 2 watts. This abnormal Increase In power 
might be Indicative of a vehicle physical configuration change which altered the 
antenna ground plane characteristic. At 60.12 seconds, the shield torsion rod 7 
forward (measurement G7036) Indicated a slight change toward the deployed condi- 
tion. The location of this and other Instrumentation associated with the mete- 
oroid shield is shown in figure 4-14. At 61.78 seconds, the vehicle roll rate 
decreased slightly from the normal value of 1.1 deg/sec clockwise looking forward. 
Figure 4-15 is a graph of the roll rate versus range time during the time of in- 
terest. The next torsion rod 7 forward sample, at 62.52 seconds, revealed a fur- 
ther relaxation. The increase in telemetry reflected power and the movement of 
torsion rod 7 forward tend to indicate lifting of the meteoroid shield between 
positions I and II. 

A sensor on the workshop film vault showed an abnormal vibration at 62.75 
seconds, which was followed by disturbances throughout the vehicle sensed by 
other accelerometers. At 62.78 seconds, the roll rate gyro sensed a sudden 
clockwise roll rate resulting in a peak amplitude oi 3.0 deg/sec clockwise at 
62.94 seconds. A sensor in the Instrument unit showea a maximum peak-to-peak 
shock of 17.2 g's at 63.17 seconds. During the time the vehicle was sensing 
".hese disturbances, several slower-rate shield and array wing measurements showed 
drastic changes. Because these measurements were sampled only once every 0.1, 

0.8, or 2.4 seconds, it is uncertain when the physical condition actually changed. 
Figure 4-16 Is a graphic representation of some of the applicable measurements 
associated with the 63-second anomaly. For the shield and array wing data, the 
last normal and first abnormal times are shown. Where no last "normal" sample 
is shown, the sampling is continuous or has no significant bearing on the Iden- 
tification of the failure mode. 

At 62.78 seconds, C7011, a temperature measurement, was lost. This measure- 
ment failure could have been caused by damage to the sensor or its cabling, shown 
In figure 4-16 by dashed lines. This was most likely a result of shield failure 
in the area between positions I and II. The measurements K7211, C7013, K7010, 
K7011, and K7012 can be considered normal at that time because they were normal 
during the previous sample and were sampled later than 62.78 seconds and still 
found to be normal. Since array-wing-secured indications and ordnance tension- 
strap indications were known to be good then, the evidence leads to two 
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Figure 4-15.- Roll rate versus range time. 
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Figure 4-16.- Time sequence of 63*-Gecond anomaly instrumentation 






conclusions at this point: the meteoroid shield failure began before array wing 2 
became unlatched, and the ordnance did not fire prematurely. 

The tension strap measurements K7010 and K70U were normal at 62,80 seconds, 
and K7012 was normal at 62.87 seconds. However, by 62.91 seconds, measurements 
C7012, K7010, K7011, and K7211 had failed, while K7212 (wing 1 secured) and C7013 
were known to be • ormal by a later sample. The abnormal telemetry indications 
C7012, K7010, and K7011, like C7011, could have been caused by sensor or wiring 
damage. Measuremfats K7010, K7011, and K7012 were, in fact, only breakwires 
placed across the ordnance tension strap. The failure of measurement k 7211, how- 
ever, reveals that the array wing 2 was no longer secured to the workshop. This 
is an indication that the wing had moved out at least between 4.7 and 20.2 inches 
as measured at the aft end of the wing perpendicular to the workshop. 

At 62.97 seconds, measurement K7012 (tension strap) Vcis detected as failed. 
Slightly later, at 63.04 seconds, the first indication of increased array wing 
voltage appeared, rhen measurement M0103 showed a slight increase. This is 
attributed to sunlight illuminating exposed sections cf the partially deployed 
(unlatched) wing 2. Other array voltages fluctuated throughout the remainder 
of the launch phase for the same reason. Between 62.97 and 64.89 seconds, all 
of the measurements related to the shield became abnormal ^ but the wing-l-se * ,*ed 
measurement (K7212) was still normal. 

The data indicate that the most probable sequence of meteoroid shield fail- 
ure was initial structural failure between array wing 2 and the main tunnel 
(between positions I and II). It appears likely that the initial failure prop- 
agation was from this area, since the wardroom window thermocouple indication 
(C7013) remained normal at 62.94 seconds, after the K7010 and K701i tension cLrap 
measurements had failed at 62.90 seconds, and after wing 2 was indicated un- 
latched at 62. 9 J seconds. 

The auxiliary tunnel, shown in figure 4-17, extended the full length of the 
shield. The design intent was that the aft end of the tunnel be sealed for **no 
leakage’* and that the forward end be vented into the base region of the forward 
fairing so as to discharge air into the forward low-pressure regior . This was 
intended to provide a crushing pressure (an external pressure exceeding the in- 
ternal pressure) over -he entire tunnel. Venting was provided through an outlet 
of 10 in.^ under the corrugations of the tunnel cover at the aft end of the 
forward fairing. The tunnel was intended to be sealed at the aft end by a rubber 
boot assembly, shovm in figure 4-18 in both the seuwed and deployed prations. 

The figure shows that the tunnel was displaced some 5 or 6 inches circumferentially 
upon deplo}nnent of the shield. Post flight invest igatica revealed, however, that 
the aft end of the tunnel was not completely sea±ed in three places (fig. 4-19) 
because of: 

a. The ui.expiained omission of a or cap on two nollow structural 

stringers on the aft skirt which extended into the aft fairing of the auxiliarv 
tunnel, resulting in a leakage area of about 2.2 in. 2, 

b. An inadequate metal-to '.letal fit between the aft fairing of the auxili- 
ary tunnel and two circumferent-.al stiffeners, resulting in approximately 2 in.^ 
of additional leakage area. 

c. An unplanned venting resulting from leakage past a molded rubber boot 
used to seal the movable joint at the rearward facing end of the auxiliary tunnel. 

A metal yoki; provioecl a posl^'ive clamp to a molded flange on the bottom of the 
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boot over the rigid aft fairing* A bonded seal was achieved between the upper 
molded flange on the boot and the auxiliary tunnel* Because the auxiliary tun- 
nel was required to lift freely away from the workshop and move circumferentially 
upon deployment in orbit into the position shown in figure 4-18, only a wiping 
butt seal could be achieved along the bottom edges of this boot "seal.*' When a 
differential pressure was applied to the boot, the butt seal deflected away from 
the workshop sutface and created two orifices of semi-oval cross section whose 
size depended upon the applied pressure differential* A full-scale test was 
performed to deterr*? ^e the leakage rate at the bottom edge of the rubber boot, 
and this indicated chat a pressure-dependent leakage area of 1*8 in*^ would oc- 
cur under the flight anvironment existing at 63 seconds* 

The above three sources of unplanned leakage resulted in a higher pressure 
in the auxiliary tunnel and a pressure differential significantly different from 
the design* Post flight calculations indicated that, for the total 6 in*^ of 
leakage area into the aft end of the tunnel, the pressure distribution along the 
tunnel at Mach 1 would give a bursting pressut t over the forward patt and a 
crushing pressure over the remainder as shown in figure 4-20. These deduced 
pressures produced large lifting forces on the forward part of the tunnel and 
adjacent shield areas* The e. T'^ct would be to lift the forward end of the aux- 
iliary tunnel and the adjacent shield until a critical position was reached 
where high velocity ram air would rush under the shield and tear it outward from 
its mountings on the workshop* 


Another means of producing bursting 
pressures under the forward edge of the 
shield in the region c 2 the .auxiliary tun- 
nel could have been a wave pattern pro^ 
duced by the flared portion of the auxili- 
ary tunnel forward fairing* At low super- 
sonic flight speeds^ the high .and low pres- 
sure regions (the compress! n and expan-^ 
sion from the flare) extend to cotiaiderable 
distances avay from the .tunnel itself. 

High pressure over the meteoroid shield 
forward edge and lo^r pressures aft would 
.. ^ tend to lift- t?ie overall structure. Lift- 

(forward) (aft) ^^8 Wichfinisi!: -would be indis- 

_ - tinguishable from that due tc auxiliary 
Figure 4-20.- Calculated tunnel leakage described above, 

tunnel pressure differential. 

w Post flight 2malytiCal studies using 

a finite element model indicated that the deflection of the auxiliary tunnel a?id 
shield away from the workshc^ tends to become divergent. That is, as an area of 
the shield becomes exposed to. a differential burst pressure, the shield lifts up, 
exposing additional area, %dilch results in further lifting. Experimental studies 
were also made using an air bladder test rig to generate burst pressures over the 
forward edge of f auxiliary tunnel area and crush pressures over the rear. The 
conclusion of both of these efforts is that the meteoroid shielo and auxiliary 
tunnel were quite limp and easily lifted from the workshop into the slipstream* 

A burst pressure of about 0.5 psi was found to be sufficient to effect this fail- 
ure mode. 

Tlie postulated sequence of the most probable failure mode is shown in figure 
4-21* The events are deslgnaved on the figure by times which are consistent ^wlch 
the available data, and are described below: 
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Figure 4-21.- Meceoroid shield dynamics. 

60.12 seconds .- Meteoroid shield liftoff and local inflation -In the vicinity 
of the auxiliary tunnel was indicated by a small shift in position of the corsiou 
rod on the forward edge just to the left of the tunnel. 

61.78 seconds .- Air entered the forward facing opening, praising the pres- 
sure under the shield, and high mase flows escaped through-the adjacent holes in 
the butterfly hinge. This flow produced reactive forces causing a gradual de- 
crease in roll rate between 61.78 seconds and 62.74 seconds. 

62.74 to 62.79 seconds .- Burst pressure under r’ e auxiliary tunnel and ad- 
jacent shield caused a large tangential load on the forward section of the but- 
terfly hinge, causing the whole hinge to break. - Flyaround inspection Indicated 
that the failure of the butterfly hinge occur at the hinge line adjacent to 
the main tunnel. Aerodynamic drag on the shiaid. Including the bulky auxiliary 
tunnel, produced tension in the shield and pulled on the vehicle so as to roll 
it in the direction shown, that is, opposite to that noted earlier. 'Hte large 
area and mass of this metal "flag" Induced a more r&pid .change in- roll rate than 
earlier jetting through the butterfly hinge. This process terminated as the 
shield started to wrap around and lift wing 2. 


62.79 to 62.90 seconds .- During this interval the stileld was wrapping around 
array wing 2, producing a negative roll torque in the vehicle. At about 62.85 
seconds the %rlng tiedowns were broken. 

62.90 seconds .- Upon release of wing 2, the tension in the shield was trans- 
ferred to the trunnions, causing failure cf the trunnion straps. Upon separation 
of this section of the shield, the negative roll torque ended. 
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62.90 to 62.95 seconds .- In this interval, the remaining section of the 
shield began unwinding, introducing a large positive roll torque. 

63.17 seconds .- A large shock was detected by the instnunent unit upper 
vibration sensor because of the impact of the separated section 
of the shield upon the conical interstage between the workshop and the launch 
vehicle. 

63.70 seconds .- The shield continued to unwind and whip until 63.70 sec- 
onds, when it reacheo array wing 1. As the shield began to wrap around this 
wing, a negative roll torque resulted. The shield then ripped apart from top 
to bottom at the longitudinal joint adjacent to wing 1, pulling a portion of 
the joint asseinbly over the wing as the shield section departed. However, it 
did not pull the vlug loose. From this point on, the vehicle shomd normal re- 
sponse to its roll control system. Figure 3-10 is a photograph which shows a 
portion of tne meteoroid shield that remained and ho\r it was attached to array 
wing 1. 

The loss of meteoroid protection did not affect the mission, but the re- 
sultant thermal problems and the subsequent loss of the workshop solar array 
wing 2 from the damage caused when the shield was torn off had major impacts on 
getting the mission started. These are described in sections 3, 7, 8, and 9. 
However, the successful repairs and changes in operational procedures that were 
made to counteract these losses enabled eventual completion of the mission with 
no degradation in results. Additional Information concerning this anomaly is 
contained in reference 31. 

4.3.2 Workshop Solar Array 

. - As a consequence of the meteoroid shield failure at approximately 6S sec-' " 
- or^s, [solar array wing i was unlatched and partially deployed, as evidenced by 
r'~ 'minor ^nations in the electrical voltages and wing temperatures. Full deploy- 
ment during the remainder of powered flight was prevented by the aerodynamic 
. forces and acceleration. At the completion of second stage powered flight the 
four 35,000-pound-thrust reiroroclcets fired for approximately 2 seconds comaenc- 
ing at 591.1 seconds, and spacecraft separation followed iianediately. The effect 
of retrorocket plume impingeir<ent was observed almost immediately on the array 
wing 2 teaq>erature and on vehicle body rates. Figure 4-22 shows the location and 
orientation of the retrorockets relative to array wing 2. 



meteoroid 

shield 

Figure 4-22.- Retrorocket impingement force schematic. 
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The time sequence of observed changes in Che affected neasurements Is 
shown in figure 4-23. *nte response of Che vehicle and Che corrective action of 
Che attitude control system nay be seen in figure 4-24. 
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Figure 4-23.- 593-second anomaly time sequence. 
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Figure 4-24.- Instniment unit measurements 
during 593-second period. 
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The following sequence of events Is believed to have occurred. At 591.1 
seconds, the retrorocket Ignition comnand was Initiated, and plume Impingement 
caused a positive yaw rate buildup and a reduction In the positive pitch rate. 
At 592.3 seconds, array wing 2 deployed Into the plume of the retrorocket In 
1-IV quadrc:nt and began to affect rigid body rates, causing a large negative 
roll rate and a small negative pitch rate Increment. This impJjigement force 
deformed the arm as a cantilever beam in the -Z direction and produced a nega- 
tive yaw rate which overcame the positive rate previously induced by plume im- 
pingement on the workshop. The retrorocket plume impingement also accelerated 
the deployment rate of array wing 2. These retrorocket exhaust plume inq>inge- 
ment forces are shown In figure 4-25. 


1.0x10® 



Figure 4-25.- Plume Impingement force on solar array wing 2. 


At 593.0 seconds retroflre ceased, and the basic rigid body rates became 
constant. The release of the side force on array wing 2, which had stored 
strain energy In the wing arm (and in the support point) In the direction normal 
to the hinge line, caused local structural dynamic activity. This showed up as 
oscil,^.atlons In the roll, pitch, and yaw rates. The Instrument unit accelerom- 
eters also picked up a local transient at this time. Wing 2 continued to deploy. 
At 593.4 seconds tljq wing laqiarted momentum to the vehicle, probably by hitting 
and breaking the 90-degree fully deployed stops, and at 593.9 seconds It im- 
parted a final kick as It tore completely free at the hinge link. In-orblt 
photographs show clearly the wing attachiaent point and the various wires which 
were tom loose at the Interface (fig. 4-9). An analysis of the Impingement 
forces on tlie wing was made and compared to the force required to produce the 
observed vehicle motion. This compar-<Bon provides a reasonable fit for the first 
50 to 60 degrees of wing rotation, as shown In figure 4-25. 
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The loss of the workshop array wing 2 and the failure of array wing 1 to 
deploy severely limited the Skylab power in the early days of the mission. 

After array wing 1 was deployed on Day 25, there was adequate power to complete 
the mission and meet or surpass all objectives. Additional infomation con- 
cerning this anomaly is contained in reference 31. 

h. 3.3 Solar Observatory Aperture Doors 

The first aperture door malfunction recurred on Day 20 when the X-ray 
spectrograph door became stuck in the closed position after only 25 cycles. Both 
motors were used to operate it and it was left in an indicated open position. On 
Day 25, during an extravehicular activity, it was found to be In a closed posi- 
tion. The crew then latched it in the open position. The ultraviolet scanning 
polychromator spectroheliometer door first malfunctioned on Day 31, but operation 
was continued with two motors. After continued intermittent problems, the ramp 
latch was removed on Day 85 and the door then operated normally with one motor 
for the rest of the mission, completing 2800 cycles. The X-ray telescope door 
malfunctioned on Day 35, but two-motor operation enabled use until the ramp latch 
could be removed on Day 103. It then functioned satisfactorily on a single motor 
for a total of 800 cycles. On Day 83, the white light coronagraph door telemetry 
indicated the doo. was open %dien fua lysis showed it closed. Further analysis 
theorized tb 2 t the problem was electrical., and the door operated normally for the 
remainder of the mission, completing 3000 cycles. 

The extreme ultraviolet spectroheliograph door was switched to two-motor 
operation on Day 98 after some opening and closing problems. The ramp latch was 
removed on Day 103, and one-motor operation was resumed. After other problems 
required a return to two-motor operation, the door was latched open or Day 226, 
having completed 400 cycles. ^The hydrogen alpha 2 door failed to close on Day 
118 after 750 cycles. VRien it became evident during subsequent malfunction pro- 
cedures that the primary motor circuit had failed, the door was latched open on 
Day 193. During the third manned period, the ultraviolet spectrograph door began 
to fail to open and close on one motor after 475 cycles. This door was then 
electrically inhibited in the open position on Day 231 and remained in that posi- 
tion for the rest of the mission. 

The corrective actions described above were supported by analyses and tests. 
Cycle times for each door were recorded throughout the mission. Spot checks were 
made from time to time to determine degradation in operlng and closing times for 
the doors. However, there were no trends in the data that would allow prediction 
of door failure. Operating times required with two motors were approximately 2 
seconds less than with a single motor. A 100-cycle test made with two motors 
operating in the prototype solar observatory showed consistent times of 10 sec- 
onds to open and 10 seconds to close. After the 100-cycle test with two motors, 
single-motor operation was attempted with first the primary and then the secondary 
motor. During five cycles using the primary motor the opening time was 13 to 14 
seconds, but the time to close increased from 21 seconds on the first cycle to 
43 seconds on the fifth cycle. The first cycle on the secondary motor took 13 
seconds to open, but the door reached the ramp latch on the closed cycle and did 
not close since the limit switches could not then be triggered At this point, 
during a test with two motors operating, the door uook 10 seconds to open and 
10 seconds to close-. The test was resumed after approximately 90 minutes with six 
cycles using the primary motor; time for the door to open and close Increased from 
20 seconds on the first cycle to 52 seconds on the fifth cycles On the sixth cycle, 



the secondary motor opened the door in 13 seconds but would not close It, al- 
though the ramp latch was reached in 15 seconds. A lubricant was applied to 
the ramp latch In an attempt to alleviate the problem. The door was opened 
and closed five rimes with each motor. The primary motor opened the door In 
13 seconds and closed It In 15 seconds. The time to reach the latch was 12 
to 12.5 seconds. A final test was made after removing the ramp latch. In a 
five-cycle test the secondary motor opened the door in 13 to 14 seconds and 
closed it In 14 seconds, and the primary motor opened the door In 13 seconds 
and closed it in 14 seconds. In five cycles using both motors, the opening 
and closing times were a constant 10 seconds. 

The ramp latches are aluminum, coated with a bonded solid lubricant. 

Three that were removed were returned for inspection and analyses. All showed 
galling on the surfaces. The solid lubricant used is capable of supporting 
the design load if the substrate is sufficiently hard. However, the aluminum 
used was not hard enough to support high stress loadings. Horeover, any slight 
misalignment would have raised the stresses to unacceptable levels for the 
materials used. Hard anodizing should have been used prior to application of 
the lubricant. 
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SECTION S 

INSTRUMENTATION AND COMMUNICATIONS 


The Saturn Workshop instrumentation and communications equipment includes 
data» command, voice connnunications, television, onboard monitoring, caution and 
warning, timing, and rendezvous and ranging systems. Those systems that support 
the laboratory and those associated with the observatory are referred to sepa- 
rately since their operation is largely independent. The solar observatory 
equipment is contained within the observatory with the exception of the control 
and display console located within the docking adapter. 

Acquisition and communication of information is a primary function of the 
Saturn Workshop essential to the control and gathering of performance and experi- 
ment data. Figure 5-1 is a simplified diagram of the instrumentation and com- 
munications systems. As this figure shows, certain systems use equipment in the 
command and service module for their operation. More detailed information on 
the instrumentation and communication systems and their performance can be found 
in reference 5. 



strvict Module Ltboratory ScUr observatory 


Figure 5-1.- Saturn Workshop instrumentation and 
communications systems. 

5.1 DATA SYSTEMS 

The data systems collect, code, format, and transmit data throughout the 
Saturn Workshop to the ground stations. All transmitted data are pulse code 
modulated. This method reduces the effect of noise on data accuracy during 
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:ransmlsslon. Sensors, signal conditioners, multiplexers, transmitters, an- 
tennas, and related circuitry are used to perform this operation. The Saturn 
Workshop data systems sampled 2060 sensors at various rates and coded their 
outputs into 8- or 10-bit words, producing 123,200 data bits per second. While 
in contact with the ground stations, about 32 percent of the time, all RF data 
were transmitted in real time. Turlug the 68 percent of the flight time when 
there was no station contact, selected data were recorded onboard for subsequent 
transmission. These data constituted approximately 40 percent of the total data 
transmitted. The solar observatory, including its data transmission system, is 
enclosed by the shroud during launch, and measurements required for launch and 
early-deployment performance information are processed through the laboratory 
system. Dynamics and acoustic measurements during launch were transmitted through 
the launch vehicle system, which had analog data transmission capability, diagrams 
of the data systems are shown in figures 5-2 and 5-3. 
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Figure 5-3.- Solar observatory data system. 

The laboratory data system was active during the launch phas'^ using a pres- 
surized 2-watt RF transmitter. This transmitter was selected ^ launch data 
because the unprr .prized 10-watt transmitters used for orblt.^x data would be 
subject to corona i^scharge when passing through the upper atmosphere, with re- 
sultant data loss. Ten minutes after liftoff, the laboratory tape recorders were 
activated, and 5 minutes later the dlscone antennas were deployed. Trans! .:r of 
data from the 2-watt to the 10-watt transmitters was accomplished at 22 minutes 
after liftoff. 
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The solar observatory and its solar array wings deployed as planned 25 min- 
utes after liftoff. Its dat:a system was activated 9 mi.nutes later, and all 
systems indicated proper operation. At 1 hour 44 minutes after launch, after 
several routine switchings of the transmitters and antennas to obtain the best 
station coverage, the solar observatory transmitter 1 would not operate on the 
wing 4 antenna. Operation on the wing 1 antenna was normal, and data transmis- 
sion for the remainder of the mission was constrained to transmitter 1 using the 
wing 1 antenna. Transmitter 2 was not affected by this constraint. 

The data systems were subjected to the heat extremes during the first un- 
manned period, but there was no evidence of system degradation from these ad- 
verse conditions. The only deviation from normal procedure was to monitor the 
tape recorder temperatures and to operate the two solar observatory tape record- 
ers alternately to allow a cooling period. The original concept to ulc one re- 
corder continuously and to reserve the other as a spare unit was modified to 
operate the backup recorder at least once per day to maintain bearing lubrica- 
tion and other conditioning. After deployment of the parasol thermal shield, 
alternating use of the recorders to cool them was no longer necessary; however, 
the recorders continued to be alternated, with recorder 1 being used approxi- 
mately 60 percent of the total mission time. There were some data dropouts early 
in the mission during playback of these recorders to certain ground stations . 
Evaluation indicated that no problem existed in the airborne system, and ground 
station procedure changes provided successful data recovery. The laboratory 
tape recorders, unlike the solar observatory tape recorders which had been de- 
signed for total mission life, were originally designed for the Gemini program. 
These units were updated and refurbished, but their life cycle was far short of 
the mission duration. Problems in laboratory tape recorder operations were iden- 
tified and were corrected primarily by replacing the malfunctioning recorder. 

With one exception, the tape recorders operated beyond their specified life 
cycles. 


Other problems included a laboratory low-level-multiplexer noise signal 
which appeared on the multiplexers during the third manned period, and one unit 


which operated intermittently throughout a portion of th^- 
ly failed. The laboratory telemetry 10-watt transmit 
power early in the mission. The 2-^*att launch transmit 
this transmitter for the remainder of the mission. In e. 
or replacement of equipment by the ctew or workaround pro 
successfully with minimum effect on the mission. No problem 
with signal conditioners, power modules, or other compenentf 


ion ana subsequent- 
tited low radiated 
, used to replace 

:eas , repair 
implemented 
i“ountered 
ii\te system. 


5,1.1 Data Acquisition 


The data acquisition subsystems comprise sensors, signal conditioners, 
multiplexers, encoders, and associated components. 

Sensors .- Approximately 2100 separate measurements are acquired, 2060 of 
which are transmitted to the ground stations w Those measurements not telemetered 
are displayed onboard or were connected to an umbilical for prelaunch checks. 

These sensors located throughout the systems and experiments convert physi- 
cal characteristics to electrical signals. Various types of sensors are used for 
temperatures, pressures, positions, flowrates, voltages, currents, acceleration, 
and various parameters. Table 5-1 summarizes the Saturn Workshop measurements 
for the mission period, listing the sensors by type, quantity, and performance. 
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Table 5-1.- Saturn Workshop 
Measurement Summary 
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Signal Conditioners .- Signal condl- 
tlone 3 modify electrical signals from 
the sensors to maci. them compatible with 
the telemetry equipment onboard displays 
and In some cases supply power for the sen- 
sors. Included are power supplies, ampli- 
fiers, filters, and other controls. 

There were no failures of signal con- 
ditioning modules, bus modules, fuse mod- 
ules, or dc-to-dc power converters. The 
5 vdc excitation power converters operated 
satisfactorily as verified by the stability 
of reference voltage measurements. Data In 
table 5-II are typical and Indicate that 
the calibration and reference voltages for 
the data system were quite stable and 
accurate . 


The measurements displayed onboard were satisfactory except for one minor 
problem. On Day 86 there was a significant difference In temperature indications 
between the telemetered data and the onboard display for molecular sieve heat ex- 
changers. Subsequent evaluation determined that the telemetered value was correct 
and that onboard meters were In error. After some unsuccessful troubleshooting 
was performed by the crew, the onboard readings were discounted. 


Table 5-II. Typical Reference Voltage Data for Selected Samples 


Equipment 

Vol tage 1 

Calibration value 

Day -4 

Launch 

Day 135 

Remote multiplexer 3 

1.068 

1.061 

1.067 

1.052 

Remote multiplexer 3 

3.955 

3.959 

3.955 

3.938 

Remote multiplexer 6 

1.055 

1.035 

1.055 

1.058 

Remote multiplexer o 

4.125 

4.097 

4.125 

4.106 

Multiplexer A1 

0.0 

0.000 

- 

0.010 

Multiplexer A1 

5.0 

4.974 

- 

4.973 


Multiplexer-Encoder . - The multiplexers accept analog voltage Inputs from 
the sensors and sample each at a preselected rate. Laboratory measurements are 
sampled at rates from 0.42 to 320 samples per second, depending on specified re- 
quirements. A large majority of measurements are made at rates of 0.42, 1.25, or 
10 samples per second. Most temperatures vary quite slowly and are sampled at 
once every 24 seconds. More rapidly changing temperatures, such as these near 
acti\e thermal control elements, and most pressures are sampled once every 8 
seconds. A 10-sample-per-second rate Is used for data which require slightly 
greater sampling rates, and for the majority of discrete events, which allows the 
determination of event time occurrence to within 0.1 second. Solar observatory 
data measurements are sampled at rates of one sample every 15 seconds to 120 
samples per second, depending on the specific measurement requirements. The 
majority of these measurements are sampled at or 12 samples per second. 

The laboratory data measurements are sampled by 11 hip evel and 14 low- 
level multiplexers. High-level multiplexers sample up to 32 analog signals 






(0 tw : vdc) and 40 hilevel signals (0 to 28 vdc) each. Low-level multiplexers 
sample 32 low-level signals (0 to 20 mvdc) each and amplify the signals by 250 
so they fall between 0 and 5 vdc. The out^ »ts of the multiplexers sent to 
the encoders if already compatible, or through the interface unit if required. 

Ttie interface unit provides timing signals to drive the multiplexers and per- 
forms third tier switching and integration of their outputs. The integrated 
multiplexer output is sent to the encoder, which converts the analog signals 
to an equivalent 8-bit binary number and .jmbines them with digital and synchro- 
nizing data for onboard recording or direct transmission to the ground stations. 

The solar observatory data measurements are sampled and encoded by six re- 
mote analog submultiplexers, four time division multiplexers, six remote digital 
multiplexers, and two encoders. Each remote analog submultiplexer accepts 60 
signals (0 to 20 mvdc) from the signal conditioners. These signals are sam- 
pled 12 times per second, amplified to a range of 0 to 5 vdc, and applied cn a 
single output line to 6 *»T>Dut channels of a time division multiplexer. 

The time division multiplexers accept 234 usable signals from the remote 
analog submultiple :s or from the 0 to 5 vdc analog data sources. Each time 
division multiplexer samples each of its 30 channels 12u times per second. Out- 
put is sent to the encoders. Each remote digital multiplexer can accept 100 bits 
of digital measurement data. These data bits are Jtored as tt.n 10-bit words 
until the encoder is ready to receive them» 

The encoders accept both analog and digital data. The analog data from 
the time division multiplexers are encoded into 10-biL digital words. These 
words are combined with the digital inputs from the remote digital multiplexers 
and direct digital data from the computer and solar experiments and arranged into 
the standard pulse code modulation format, which is applied to either the telem- 
etry transmitters or the tape recorders. 

The data systems sampled the onboard parameters continuously 24 hours a 
day throughout the 272 day mission. This resulted in 1.3 x 10^2 data bits out- 
put from the workshop encoder and 1.7 x 10^2 data bits output from the solar 
obser\atory encoder, or a total of 3 x 10^2 data bits. While in contact with the 
ground stations, over 9.t x 10^1 d ita bits v;ere received by the ground stations 
in real time and 6.4 x 10^^ from the onboard recorders. 

The performance of the multiplexers, encoders, and associated electronics 
in the data systems v\s well within predicted capabilities. Except for a few 
instances where a higner sampling rate would have assisted in the resolution of 
anomalies, with the related measurements selected for these high rates, che dnta 
rates chos.n provided sufficient information tc '^^erform all mission tasks. Data 
processing and fonnatt for transmission to ti e ground and onboard recording 

were excellent. Problems were encountered in the low-level multiplexers. One 
laboratory low-level multiplexer exhibited erratic performance on Day 82. Later, 
sporadic performance was noted and on Day 123 the multipifxer returned to normal 
operating condition. This multiplexer remained intermittent for the remainder 
of the mission. The problem affected 28 measurements in the workshop that were 
not critical to the mission. These multiplexers are subject to some degradation 
and several units had been exposed to extreme temperatures. Inasmuch as co^^rela- 
ting data were available to work around the lost measurements, no troubleshooting 
or special proc^^.dures were initiated. 


y 



The first eight channels of another low-level multiplexer showed excessive 
noise on Its output on Day 216, and the first eight channels on each of the 
workshop low-level multiplexers and nine channels of the programer exhibited 
noisy outputs on Day 224. Table 5-III summarizes the performance history of 
the multiplexer-encoder components. 

Table 5-III.- Performance History of Multiplexer-Encoder Subsystem 


Component 

Quanti ty 
used 

Anomalies 

Problem mode 

Laborator 




Encocic .» 

2 

0 

Hone 

Low-levci multiplexers 

11 

8 

Intermittent throughout mission; 

High-level multiplexers 

14 

0 

steering diode failure suspec- 
ted (1). Noisy; second level 
tier switch failure (1). Noise; 
first 8 channels of each unit. 
Reference voltage problem sus- 
pected (6). 

Ilolar Observatory 




Encoders 

2 

0 


Multiplexers 

4 

0 


Remote analog submulti- 

S 

0 


p lexers 

Digital multiplexers 

6 

0 



The loss of the sensors caused by the failure of the meteoroid shield and 
solar array wing, the individual sensor failures, and the multiplexer failures 
affected 141 of the total 2060 measurements. This represents a 93 percent data 
recovery rate at the end of the mission. However, the majority of the multi- 
plexer problems occurred during the third manned period so that the actual per- 
centage of recovered data was greater for a long period of time (table S-I) . 

5.1.2 Data Recording 

Tape recorders store selected data when the Saturn Workshop is not in con- 
tact with any ground station. Recorder playback is scheduled over selected sta- 
tions, dependent upon the amount of data stored and the time duration of station 
contact. The data recording systems comprise five tape recorders, together with 
associated interface units, power supplies, and controls. 

Three 2-track tape recorders are used in the laboratory data system. The 
tape recorders record voice only on one track, and pulse code modulated data only 
on the other track. Tlie pulse code format is based on a master frame rate of 40 
per second. Portions of the master frame time (0.025 second) are broken down 
into five additional subframes by the multiplexers. Subframes 1 through 4 may 
be recorded, but subframes data are only available in real time. The pulse coded 
data are recorded at a rate of either 5120 bits per second, which is every 10th 
sample of the encoder output, or 5760 bits per second, which is the output of 
the experiment data system. Each of the 3 recorders is capable of storing up 
to 3 hours of information and playing bac at a speed 22 times faster than re- 
cording speed: 112.64 or 126.7? kilobits per second. 

The solar observatory data recording system includes an interface unit, a 
memory unit, dc-to-dc power converters, and two tape recorders. The system 






, 9 * 








I 


5-7 


accepts a parallel 72-kllobit-per-second data format and synchronization signals 
from the encoders and converts them into a 4-kiloblt-per-second data stream for 
recording on tape. 

The interface unit selects the measurement words identified by the memory 
unit. The selected words are stored in the memory. On the proper read command « 
data are transferred from the memory to the interface unit) where the proper tape 
storage format Is generated and applied to the tape recorder input. 

The ma x<»n»nn record time for each tape recorder is 90 minutes, which is ap- 
proximately the time of one Skylab orbit. Playback time is 5 minutes, or 18 times 
the record speed, increasing the 4-kilobit rate to 72 kilobits per second, which 
is the same as the real-time rate. Only one tape recorder can be operated in 
the record or the playback mode at any given time because of an electrical inter- 
lock; however, both recorders may operate simultaneously in opposite modes. 

Four spare laboratory recorders were launched with the Saturn Workshop, and 
the laboratory data recording and playback were accomplished as planned. During 
the first manned period two of the operating recorders experienced malfunctions. 
The first recorder failed and was replaced on Day 26 with a spare unit. The sec- 
ond problem occurred while the first crew was preparing to return, and inasmuch 

as the two operating recorders were sufficient for data storage during the un- 
manned period, replacement was delayed until the arrival of the second crew. 

IVo more spare units were brought onboard by this crew, and the failed unit was 

replaced on Day 79. 

A recorder nad numerous bit errors and loss of synchronization on Day 123, 
and was replaced. Subsequent troubleshooting by the crew revealed that the tape 
path was Incorrect. The tape path was corrected and the heads and idlers were 
cleaned. The recorder was stowed for possible use as a spare. Another tape 
recorder was replaced on Day 127. Although the recorder was still performing 
properly it was replaced before the third unmanned period because it had accumu- 
lated ISnC hours and specified life is 750 hours. It was replaced to preclude 
a failure during the unmanned period when the recorder could not be replaced by 
the crew. A fourth tape recorder failure occurred on Day 252 and the unit was 
replaced. Another recorder was replaced on Day 253. Although this unit was per- 
forming properly, it had exceeded its expected operating life by more than 800 
hours, and was replac d as a precautionary measure. 

The tape recorder utilization plan called for a total of 1217 hours during 
the launch, activation, and first manned period and 1652 hours during the second 
unmanned and manned periods. The laboratory tape recorders recorded 1480 hours 
of data through the end of the first manned period. This was approximately 260 
hours over planned use. Tlie major cause of this time overrun was the 10-day 
delay in the launch of the first crew. Actual t>se during the second period was 
2188 hours. The additional 536 hours over planned use was due mainly to the in- 
creased use by Mission Control for data analysis and system troubleshooting. 

During the third unmanned and manned periods the recorders operated 6320 hours, 
longer than they operated for the previous periods combined. This was largely 
because thcs«. periods were longer (52 days unmanned and 84 days manned) . 

There were approximately 714 data playbacks to the ground stations during 
the first manned period, 1160 playbacks during the second unmanned and manned 
perl' is and 3 /76 playbacks during the third unmanned and manned periods. The 
recorders in general performed well. The specified operating time of 750 hours 
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for each totaled 5250 hours for the seven recorders. Tuou additional recorders 
were stq>plied during the aission, raising total capability to 6750 hours. Actual 
operating tiae for the nine recorders during the mission was 9884 hours* exceed- 
ing requlreaents by amre than 3100 hours. At the end of the alssion* two of the 
three remaining tape recorders had exceeded specified life by 249 hours, and all 
recorders were operating normally. Ground recovery of the delayed time data from 
the recorder playbacks was excellent, and the delayed tiae voice was consistently 
good. 


Table 5-lV provides a summary of laboratory tape recorder use fo; the sds- 
sion. The table identifies tape recorder units by serial number and shows «diere 
they were used in the airlock by position ntnber. Since recorders had been space 

Table 5- IV.- Laboratory Tipe Recorder Performance History 



Rcccrdtr 

strlal 

nmbT 


Use t<«e, 

hours 




Position 

m^«r 


Vendor 

Operation 



8eMoHt 

Test 

Test 

night 

Total 

Performance 

1 

13 

n 

280 

S3S 

62 

617 

1214 

Failed Okx 26 


22 

8 

230 

305 

89 

266 

660 

Failed Diyf 40 


32 

n 

• 

145 

76 

1229 

1450 

Failed Oey 252 


21 

8 

220 

424 

56 

338 

818 

• 

2 

30 

8 

• 

138 

31 

1330 

1499 

Replaced Day 127 
due to excessive 
u$e*«no failure** 


34 

8 

- 

219 

9 

703 

931 

• 

3 

28 

8 

• 

270 

22 

735 

1027 

8oi$y*-rep1aced 
Day 123** 


23 

8 

100 

195 

46 

1578 

1819 

Excessive use*- 
erratic operation, 
Replaced Day 253** 

i 

14 

8 

90 

206 

142 

110 

466 

• 


'* Opcriittie «t end of alition. 

** Aveileble as 'nflight contingency spere. 


qualified for the Gemini program, some were reclaimed from that program and re- 
furbished for Skylab and some new units were also obtained. Figure 5-4 shows 
the life performance of the recorders. The upper curve shows the total capabil- 
ity of the recorders in hours, based on a life of 750 hours per recorder. Ihe 
initial capability of 5250 hours for the seven onboard recorders increased to 
6750 hours when the second crew carried up two additional recorders. The other 
variation in capability is an Increase when the recorders exceed a useful life 
of 750 hours and a decrease idien a recorder fails to achieve predicted capabil- 
ity. The middle curve shows the total operating time, which includes vendor and 
ground testing and checkout before the Saturn Workshop launch. The lower curve 
is the total cumulative hours of inflight operation relative to mission time. 

The solar observatory data recording system performed flawlessly throughout 
tue mission. Control circuitry performed on command, and data playbacks were 
performed over selected ground stations more than 4300 times. During the early 
period of the mission when Skylab was flown in the various non-solar-lnertial 
attitudes, the solar observatory tape recorders lost the protection of the solar 
observatory sunshield and were exposed to direct solar radiation. The high temp- 
eratures experienced during this period made continuous monitoring of the re- 
corder temperatures necessary so that each recorder could be turned off when 
critical temperatures were observed. 
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Figure 5-4.- Laboratory tape recorder life performance. 

There vas no evidence of system degradation from the excessive heat or from 
other adverse conditions. During some early data transmissions, primarily over 
the Vanguard receiving station, recorded data recovery tapes contained numerous 
data dropouts. Investigation indicated that there was no problem in the orbit- 
ing system and that the data were being properly decommutated at the ground 
stations. The probable cause was high electromagnetic interference surrounding 
the ground station. The Vanguard ground station is a tracking ship ^ich was 
docked at Mar del Plata, Argentina. The Vanguard tracking ship was relocated 
away from the docks, which alleviated the problem. 

Ilie recorders were designed for 5000 hours operational life each. At the 
end of the mission, the recorders had operated 6340 hours out of a predicted 
mission use of 6956 hours. A breakdown of solar observatory tape recorder use 
is given in table 5-V. 


Table 5-V.- Solar Observatory Tape Recorder Use 


f — ” 

Recorder number 

Test time, hours 

Mission time, hours 

Total, hours 

] 

219 

3750.5 

39o9.5 

2 

454 

2589.3 

3043.3 

Totals 

673 

6339.8 

7012.8 


5.1.3 KF Transmission 

Saturn Workshop data were downlinked during launch by the 2-watt transmitter. 
During the mission it and five 10-watt transmitters were used with their associ- 
ated RF equipment operating in the VHF band. The flow of data was maintained by 
providing the maximum nund>er of ground stations that could be economically accom- 
modated and by using transmitters with sufficient output power driving antennas 
of the correct type and location on tne vehicle structure to provide adequate 
antenna coverage and signal gain. Figure 5-5 shows the antenna locations. Sev- 
eral of these antennas are shown In Figure 4-6 also. 
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Figure 5-5.- Antenna locations. 

A special computer program was used to generate tracking data throughout 
the Skylab mission. Data were generated for tracking locations at St. Louis 
and at Marshall Space Flight Center, in addition to Spaceflight Tracking and 
Data Network stations. Tracking data were computed for approximately 2-week 
periods (300 revolutions), and, at each such interval, current trajectory param- 
eters were used to update the computer orbital model. This updating procedure 
plus spot checks against other sources of data ensured that the tracking data 
used in the model update had a high degree of accuracy. A sunmary of tracking 
data provided for the cooq>lete Skylab mission was compiled to determine the 
actual coverage provided by the ground station network and the validity of pre- 
mission predictions. Ground station contact time is summarized in table 5- VI. 

Laboratory antennas .- A flush-mounted stub antenna for use during launch 
through orbital Insertion and two discone antennas mounted on extendible booms 
which are deployed after shroud separation compose the laboratory data antenna 
subsystem. Antenna coverage is defined as the percentage of total antenna pat- 
tern which yields gain levels high enough to accomplish positive RF link margins 
at a maximum slant range of 1300 nml. The laboratory telemetry antennas pro- 
duced this margin of gain levels over 95 percent of each dlscone antenna pattern 
and 93 percent of the stub antenna pattern when a 10-watt signal was radiated. 

The 2-watt transmitter power output provided positive circuit margins over 
80 percent of the discone antenna patterns and 68 percent of the telemetry stub 
antenna pattern at the normal 1300 nml range. The reduction of power from 10 
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Table 5- VI.- Saturn Workshop Contact Suoimary 


Coverage 

Contact time | 

Minutes 

Percent 

station 



Vanguard Ship 

IS.938 


lerwuda 

14.616 


Madrid 

13,906 


Golds tone 

13,053 


Honeysuckle Creek 

12.293 


Merritt Island 

11,958 


Texas 

11,658 


Canary Island 

11,056 


Carnarvon 

11,028 


Hawaii 

10,294 


Guam 

9,018 


Ascension Island 

8,533 


Total contact 

143.351 

36.88 

Station overlap 

17,207 

4.42 

Cumulative nonoverlapping station coverage 

126.144 

32.46 

Time of no contact 

262,512 

67.54 

Mission duration 

388.656 

100.00 

Predicted coverage 



First ursnanned and manned periods 


33.2 

Second unmanned and manned periods 


33.3 

Third unmanned and manned periods 


32.7 


watts (40 dbm) to 2 watts (33 dbm) yields a ratio of 1:5, %dilch corresponds to 
a 7 decibel loss. To maintain the circuit margin tdiich the 10-watt transmitter 
provided, the attenuation of space (distance) must be reduced for the 2-watt 
transmitter by 7 decibels. This reduction converts the 1300 nmi maximum to ap- 
proximately 600 nmi. At slant ranges of 600 nmi or less, antenna gain levels 
that %d.ll still produce positive circuit margins are achievable over 95 percent 
of the dlscone antenna patterns. 

Performance predictions for the laboratory telemetry links are presented in 
figure 5-6. The figure indicates that an approximately +8 decibel circuit mar- 
gin should be expected from the dlscone links at maximum slant range. A more 
realistic average margin to expect would be associated with a medium range of 
650 nmi or a margin of +15.5 decibels. At the top of the circuit margin range 
of values would be a margin increase of +23 decibels associated with maximum 
slant range loss, lliase values are achievable with laboratory antenna gains 
which exist over 75 percent of the antenna patterns, so a small number of passes 
can be expected with margin values outside the +8 to +23 decibel range. As- 
suming ground station receiver sensitivities of 108 decibels below 1 milliwatt, 
the above range of circuit margins would indicate that most passes should yield 
received signal strengths between 100 and 85 decibels below 1 milliwatt. 

Laboratory RF System .- Data blackout and possible damage to RF components 
were avoided by using the laboratory 2-watt transmitter during the launch period, 
since the relatively higher power output of the 10-watt transmitters would be more 
likely to cause corona discharge at the upper atmosphere regions. A stub antenna 
was used until the two dlscone antennas could be deployed. Laboratory transmitter 
A began continual real-time data transmission when the 2-watt transmitter was shut 
down after 22 minutes. Transmitters B and C were used periodically as planned to 
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1 

power link 1 

RF 

power Link 2 

[System 

crvr.ponent 

Cumulative Power 

System 

component 

Cumulative Power 

db 

dbm 

Milliwatt 

db 

dbm 

Milliwatt 

40.0 

40.0 

Ixio'* 

40.0 

40 

1x10* 

4.0 

36.0 

3.9x10^ 

3,4 

36.6 

4.6x10^ 

-5.2 

30.8 

1.2x10^ 

-6.1 

30,5 

1.1x10^ 

147.4 

-116.6 

2.2x10 

147.4 

-116.9 

-12 

2-0x10 

19.0 

-97.6 

1.7x10'^° 

19.0 

-97.9 

1.6x10-’° 

2.0 

-99.6 

1.1,10-’'’ 

2.0 

j 

-99.0 

1.0x10-’° 


-108 


-108.0 




8.4 


i 

8.1 



Figure 5-6.- Laboratory telemetry link calculations. 

provide transmissions of recorded data. When two laboratory tape recorders are 
played back simultaneously, separate transmitters are required. During extrave- 
hicular activity operations on Day 25, a loss of real-time telemetry signal from 
transmitter A was noted. This condition was due to corona in the quadrip lexer 
caused by venting of the airlock. The 2-watt transmitter was reactivated at this 
time. Approximately o hours later, the real-time telemetry transmissions were 
reconfigured for transmitter A which operated successfully until Day 30. On Day 
30, the received signal strength from transmitter A indicated a 12- to 14-decibel 
decrease. Analysis indicated that the transmitter A RF power amplifier had failed. 
This conclusion was based on a review of case temperature, bus voltage data, and 
simulation tests. The 2-watt transmitter was again activated, and its signal 
strength was 2 to 3 decibels greater than that of transmitter A. Transmitter B 
was then used for the real-time telemetry. The 2-watt transmitter was used for 
real-time telemetry during times when both transmitters B and C were required for 
tape recorder playback. Transmitter C was used only for transmissions of recorded 
data. This procedure was followed for the remainder of the mission. The use of 
the 2-w.\tt transmitter required a reduction of the predicted circuit margins of ap- 
proximately 7 decibels. 

The discone antennas were used for all laboratory RF transmissions after 
orbital insertion. Selection between discone antennas 1 and 2 was made approxi- 
mately 5500 times throughout the mission to optimize antenna coverage. The in- 
dicator for the change between the 2-watt transmitter and transmitter A failed on 
Day 43; however, performance analysis revealed that the switch was operating nor- 
mally. Telemetry transmitter C failed to respond to commands over one station 
but responded to the same command over the next ground station on Day 202 and Day 
220. The cause was either an intermittent relay contact or a malfunctioning out- 
put power circuit. The average power outputs of the laboratory telemetry trans- 
mitters for the mission are shown in Table 5- VII. 
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Table 5-VlI.- Laboratory Telemetry Transmitter Average Power Output 


Transmi tter 

Average power output, watts 


2-watt 

1.0 


10-watt A 

7.5* 

* Averaged to time of failure 

10-watt B 

9.0 


10-watt C 

12.15 



Ground station telemetry receiver signal strength data were analyzed to ver- 
ify laboratory RF system performance. The data analyzed were receiver automatic 
gain control voltage profiles received from ground sites. The automatic gain 
control voltages are a direct indication of te"i^uietry link signal strength. 

These data were compared with circuit margin predictions of link performance. 

Signal strength data for short periods of time were examined from several of 
the ground stations to determine and log the average signal strength and also the 
high and low peaks experienced during the station passes. These data were sum- 
marized in table 5-VTlI. 

Solar Observatory RF System .- Two 
VHF transmitters produce 10-watt frequency 
modulated outputs in the 225 to 260 mega- 
hertz range with a peak deviation of 72 
kilohertz. Input switching permits either 
transmitter to transmit real-time or re- 
corded data or both transmitters to trans- 
mit the same type of data simultaneously. 

A voltage standing wave measuring as- 
sembly measures the indicent and reflected 
RF power at the output of the transmitters. 
The transmitter outputs are fed to the an- 
tennas by means of two coaxial switches and 
two dip lexers. The switches select the an- 
tenna or antennas to be used, and the di- 
plexers provide maximum RF power transfer 
by maintaining an impedance match between 
the transmitters and the antennas. 

One antenna is mounted on the tip of 
solar array wing 1 and the other on solar 
array wing 4. These are dipole antennas 
and provide complementary radiation pat- 
terns. They are used singly or in pairs; either transmitter can feed either, but 
rot both, of the antennas simultaneously. 

ihe telemetry antenna on solar array wing 1, when driven by the 10-watt 
transmitters, produces an antenna gain over 84.5 percent of its pattern, which 
results in a positive circuit margin at the ground station receivers at slant 
ranges up to 1300 nmi. The antenna on wing 4 produces such antenna gains over 
93 percent of its pattern. 

Performance predictions for the solar observatory telemetry links are pre- 
sented In figure 5-7. The figure indicates that an approximately +6 decibel 


Table 5-VIlI.- Laboratory to Ground 
Station Telemetry Signal Strengths 
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Site 

Rcirolution 


decibels oelo. 1 m 

It.att 

Harlnua 

elevation , 
d#9re*4 

UNk * 

' Range 

Unk B _ 

Average | Range 

C _ 

Average Range 

(otdttm 

3U 

68 82 to 102 

87 

82 to 89 

87 

82 to 89 

53 


SIA 

)X 82 to 107 





8 


6)3 


92 

90 to 132 



24 


6H 


99 

9) to 107 



8 


81? 


94 

90 to 103 

93 

90 to 99 

20 


815 


97 

88 to 101 



30 


nw 

164 98 to 197 

*C 

89 te 104 

95 

89 to IX 

85 


1)83 


99 

45 to 104 



11 


16?) 

103 iw to ir, 

93 

88 to V'C 


90 to 98 

<4 


)S?6 


9» 

92 to 98 

96 

90 to 88 

32 


)7S7 


93 

96 to 99 



81 


)7«e 


97 

94 to 104 



9 


2?80 


100 

94 te 104 



9 


ztn 


eS 

91 to 100 

82 

89 to 88 

24 


?m 


99 

95 to 107 



8 


?7)8 

' 

9) 

85 to 98 

90 

82 to 96 

69 


3)0? 

)03 98 to 107 


91 to 102 

96 

92 t. 105 

19 . 

T«i« 

V4 

99 "92 to 1)0 


93 to 103 

IX 

96 tp 101 

3 


276 

95 85 to 105 

95 

92 to 100 

99 

45 to 105 

24 


503 

104 98 to 1)0 

9: 

X to 105 

91 

87 tP <»9 

37 


S» 


91 

89 to 99 

15 

89 to ICO 

21 


I 1650 




98 

94 to 103 

10 


j 1654 


89 

77 to 99 

95 

84 to lor 

58 


1 )8?e 


95 

92 to 100 

98 

92 to 107 

19 


7688 


95 

92 to 94 

98 

92 to 103 

10 


?ti. 


93 

92 to 103 

91 

82 to 97 

60 


2803 


93 

trt 97 1 



57 


2V64 

1 

95 

92 to 103 , 



9 


3356 


95 

91 to 98 1 



3 


3367 


95 

1 87_to K-4 

1 94 

' 87 te 105 

11 


•57 



93’*'" 

"90 to iiiTI 


r 1 

4 


660 


90 

M to 9> 


I 94 •o 89 

24 


!??0 
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101 

'93 to 107 1 

95 
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Cumulative power 
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Cumulative power 

db 
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mllliwacts 

db 

dbm 

milliwatts 

40.0 



40.0 




40.0 

1x10^ 


40.0 

1x10^ 

4.5 

35.5 

3.5x10^ 

4.5 

35.5 

’.5x10° 

-5.3 

30.2 

1x10^ 

-9.0 

26.5 

4.5x10° 
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-98.2 

1.5x10'’° 

19.0 

-101.9 
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2.0 

-100.2 
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2.0 ' 

-103.9 

4.1x10'” 


-108.0 



-108.0 
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Figure 5-7.- Solar observatory telemetry link calculations. 


circuit margin should be expected from the solar observatory links at 1300 nmi 
slant range. A more realistic average margin to expect would be associated with 
a medium range of 650 nmi, or a margin of +13.5 decibels. At the cop of the range 
of values wou?d be a circuit margin increase of +21 decibels associated with min- 
imum slant range loss. These values are achievable with antenna gains which ex- 
ist over 75 percent of the antenna patterns, so a small number of passes can be 
expected when circuit margin values extend outside the +6 to +21 decibel range. 

Assuming ground station receiver sensitivities of 108 decibels below 1 milli- 
watt, the above range of circuit margins would indicate that most passes should 
provide signal strengths between 102 and 87 decibels below 1 milliwatt at the re- 
ceiver with an average level of 94.5 decibels below 1 milliwatt being quite common. 
The RF tCv'^nsmission system performance was satisfactory throughout the miss ’on. 

One minor problem was encountered 1 hour 44 minutes after liftoff. After several 
transmissions and switching operations had been perfomed, transmitter 1 was 
switched to the wing 4 antenna and a high ref.lected power was indicated. Inves- 
tigation indicated the most* probable cause to be a failed coaxial switch. Trans- 
mitter 1 was switched to transmit through the forward antenna, on wing 1, for the 
remainder of the mission. 

Power outputs of both transmitters, as well as modulation characteristics 
and carrier deviation, were within specified ranges throughout the mission. 

Output power for transmitters 1 and 2 was 13.6 and 14.4 watts, respectively, 
throughout the mission. Signal strength data for the RF downlink were analyzed 
for selected ground stations and station passes throughout the mission. Table 
5-IX is a summary of this data. 

The crew deployed a thermal shield on Day 13. The shield consisted of a 
large area of aluminized cloth and gave two antenna pattern effects. First, it 
presented a physical blockage over small sectors of the antenna patterns, which 
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Table 5-IX.- Solar Observatory to 
Ground Station Telemetry Signal 
Strengths 


reduced antenna coverage, and secondly, it 
modified antenna patterns which were pre- 
viously measured to determine antenna 


T«bl« ^-IX.- Si>1xr iX>it«rvatorv to OrounJ 'ration 


ralMtati-y ^>ltnai Stronsth^ 


Site 

Revolutloi 

St^ral strengtn 1 eve’s 
(decibels belo* 1 mllHwdtt) 


Awrage 

ink 1 

Link 

2 

HaxIrkjr 

e’evdtton, 

degrees 

Range 

Awe»"*9e I 

Pang* 

Go Ids ton* 

^14 

84 

> 80 to 87 

87 ’ 

82 tc 95 
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selection during the mission. Neither of 
these effects was considered greatly detri- 
mental. The reduction in coverage to the 
solar observatory antennas on wing 3 (com- 
mand antenna), wing 4 (telemetry antenna), 
and, to a lesser extent, wing 1 (telemetry 
and command antenna) was less than 3 per- 
cent. The amount of antenna pattern dis- 
tortion due to reflections from the thermal 
shield could not be determined because of 
the multiplicity and randomness of the 
variables involved, but it was estimated 
to have been minimal. The laboratory dis- 
cone antennas were on long booms below the 
vehicle and were not affected by the thermal 
shield. 


5.2 COIfMAND SYSTEMS 

The command systems receive and decode 
more than 1000 distinct digital commanL 
for three essential functions. These com- 
mands are used for system control and 
operation, for updating the time reference 
system, and for messages containing in- 
formation and instructions for the crew 


that are produced by an onboard teleprinter. These commands are primarily trans- 
mitted from the ground stations; however, the crew also may initlare control com- 
mands f..'Om th^ control and display panels. The system uses comp..ett redundancy 
to ensure reliability. 


5.2.1 Laboratory Digital Command System 

Two command receiver-decoders, four relay units, a command rrlay driver, a co- 
axial switch, and a stub antenna are used. In addition, the recejvers share the 
quadriplexer , switches, and antennas used by the laboratory data transmission sys- 
tem. Figure 5-8 is a diagram of this system. 

Each command receiver-decoder contains two receivers and one decoder section. 
The primary receiver-decoder unit has a sensitivity of 104 decibels below 1 milli- 
watt. The secondary receiver-decoder unit has a sensitivity of 9fi decibels below 
1 milliwatt. The two receiver-decoder units are of different design and thus have 
different sensitivity characteristics. The primary and secondary receiver-decoder 
sets are redundant. Each receiver-decoder has a unique address, \/hich allows the 
ground controllers to select the receiver they wish to command. This two-address 
control was chosen to enhance the reliability of the system by providing r fully 
operational system should one unit fail. Control of the power to the units is 
primarily by ground command; however, should one receiver indicate improper per- 
formance, internal monitoring automatically switches the units. Commands are 
transmitted from the ground stations to one of tae receiver-decoders. The outputs 
of the receivers are summed and sent to the decoder section. A verification pulse 
is returned to the telemetry system for each valid message correctly received and 
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Figure 5-8,- Laborau.iry command system. 


decoded. The decoder sends digital data to the teleprinter, the time reference 
system, or the command relay driver units, or sends discrete pulse commands to a 
relay in one of the module units. 


The command relay driver unit converts the digital output of the decoder into 
additional real-time commands. Two identical subunits are paralleled to provide 
a common output of 480 pulse commands whDch control rel.^ys. The command relay 
driver unit also provides a digital outpi t to the telemetry system indicating that 
the specific relay command was processed. 


Each of the 4 relay units contains 8 latching relays, which provides a total 
of 32 real-time channels. Each relay provides an output to the telemetry system 
to indicate its position. 

The digital command system operated successfully throughout the mission, 
processing more than 100,000 commands. Both primary and secondary digital com- 
mand subsystems were powered up from launch to Day 4. The secondary subsystem 
was powered down from Day ^ o Day 12 to conserve power. The secondary subsystem 
was again activated on Day 1/ to serve as backup for the first crew rendezvous 
and then powered down on Day x3; it remained powered down through Day 140. The 
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secondary subsystem was powered up on Day 140 because the secondary electronic 
timer was operating and it was desired to maintain the digital command system 
and electronic timer on separate buses to avoid a single point failure possibil- 
ity* The primary subsystems were reactivated on Day 190 for the remainder of the 
mission. A command was sent on Day 182 to remove the fast forward command for 
tape recorder 2, but no response was observed* Telemetry data indicated that the 
control relay for this function did not change its position. The relay was suc- 
cessfully reset on Day 183, and the fast forward command was not used after that. 

The laboratory command system provided commands to the acquisition and dock- 
ing lights, the VHF rendezvous and ranging system, the discone antenna deployment, 
the laboratory data system, the environmental control systems, the xaboratory 
power system, and several experiments. The system also provided backup commands 
to operate the solar observatory data and command systems. 

Teleprinter .- The teleprinter provides the crew with hard copy instructions 
and messages from mission control. Ihe teleprinter is the first hard-copy com- 
munication system used in space. Printing is done by thermal contact on standard 
thermal coated printer paper. The teleprinter is driven by commands issued from 
Mission Control through the laboratory digital command system. Each transmitted 
teleprinter command contains 24 bits. Three bits address the vehicle, the next 
three address the teleprinter, and the remaining bits are the data word. Each 
teleprinter character requires six data bits; therefore, three characters are 
printed for each command. Ten commands are processed to provide 1 line (30 char- 
acters) on the teleprinter. An address interrogate signal enables the interface 
unit and the teleprinter subsystem when data are to be printed for the crew. Fig- 
ure 5-9 shows the teleprinter installation paper cartridge and a test printout 

The teleprinter was activated on Day 13, after the first crew arrived, 
operated successfully throughout the mission. The crew reported on the fir, 
day that the printing at the end of the first message and on succeeding mess js 
for that day was faint. A low temperature test performed on a test unit on the 
ground indicated that che faint printing was due to low temperatures at the 
teleprinter’s location. After the surroundings warmed up, the printing was dark 
enough. The teleprinter system was reactivated by the second crew on Day 76. 

Its operation was normal until Day 86, when the paper drive mechanism on the 
teleprinter failed. The unit was replaced by the onboard spare, which per- 
formed satisfactorily daring the remainder of the mission. One problem with 
the printer seemed to occur intermittently with the normal replacement of paper 
cartridges. Sometimes after a replacement the crew would report light print- 
ing, but normally the print quality was good. The cause of this recurring 
problem was evidently related to use and maintenance. After the crew cleaned 
the teleprinter print head with cotton swabs and alcohol on Day 256, the problem 
cleared up and did not recur. More than 300 messages were sent to the crews 
during the mission, requiring about 30 rolls, or 3600 feet, of teleprinter paper. 

5.2.2 Solar Observatory Digital Command System 

The system consists of dual dipole command antennas, receivers, and decoders. 
Figure 5-10 is a diagram of this command system. The components are arranged to 
\ provide two independent, parallel signal paths. The two paths are redundant, 

since only one signal path is required for implementing the uplink commands. 

The ground stations can address either, or both, of the systems. 
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Figure 5-9.- Teleprinter 


A command can be either a switch selector command or a digital computer com- 
mand and is coded such that it will perform only one unique function. Command 
data are placed in computer storage at the various ground stations for subsequent 
transmission. The uplink command is received by the two halfwavelength dipole an- 
tennas. One Is mounted at the end of and within the plane of solar array wing 1; 
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Figure 5-IC.- Solar observatory command system* 

the other is mounted on solar array wing perpendicular to the plane of the 
wings. This geometry gives a quadrature relationship between the two antenna 
patterns. The dipoles exhibit predominantly linear polarization, omnidirectional 
coverage, and a 20-megahertz bandwidth. 

The decoder sends commands to four swutch selectors and updates information 
to the computers. The switch selectors provide commands to the power system 
canister thermal system, data system, attitude control system, solar experiments, 
and television system. The switch selectors and the computers may also be ad- 
dressed by the ^rew from the digital address system keyboard on the control and 
display panel. The use of the keyboard automatically inhibits the ground command 
system. The ground command can also be irhibited totally or in part by switches 
on the control panel. 

The digital command system, w’as activatea on Day 1 and remained in continu- 
ous eperarion for approxi:iate] h546 hours without error or problems during the 
Skylab mission. On typical manned days such as Da' ^ '^,9 and 225 the system pro- 
cessed approximately 275 commands. On unmanned days such as Day 19 approximately 
150 commands were processed- Approximately 59,550 commands were executed during 
Che Skylab mission. 

Because of the launch anomalies and the resulting high temperature problems, 
the command system was used much more than anticipated during Luk. early days of 
the mission, but no problems were encountered. Both primary and secondary dig- 
ital command systems were operating normally, wit^: no indications of degradation, 
at the end of the mission. Table 5-X is a summary of the commands. 

5.3 AUDIO SYSTEM 

The audio system supports voice communications for crewmen both within Skylab 
and while they are engaged in extravehicular activities. It also provides a real- 
time tw’o-wMy communication link between ground stations and the crewman. Voice 
recording capability is also provided on the data recorder. In addition, the sy<?- 
tem supports the gathering of biomedical data and operation of the caution and 
warning system and provides audio to the video tape recorder. Figure 5-11 is a 
functional diagram of the system which consists of the following; 13 speaker in- 
tercom assemblies, 2 extravehicular activity panels, 1 intravehicular activity 
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Table 5-X.- Solar Observatory Command Summary 


Systetn controlled 

Number of 

commands per system 


Thermal 

19 

* The computer has a 

Electrical power 

93 

capability of 16,384 16- 

Attitude control 

119 

bit words in the memory. 

Telemetry 

103 

All memory locations can 

Extravehicular activities 

5 

be addressed through the 

Television 

8 

command receiver-decoder. 

Environmental and thermal 

4 


ExperirTients 

96 


Zero test 

4 


Register test 

4 


Computer commands* 

40 


Total 

79? 






Figure Audio system. 

panel, 2 audio load compensators, 3 command module audio centers, and a command 
module speaker box. Figure 5-12 shows a typical intercom installation. 

Two independent channels, A and B, provide redundant voice communication ca- 
pability throughout the Skylab. Voice from any input unit can be routed through 
either channel. Each channel has a separate audio load compensator which re- 
ceives a microphone sign*:! from an input and routes it to the command module audio 
centt.c associated with the selected channel. The audio system can be operated 
using either the speaker intercom assemblies or headsets. The real-time voice is 
transmitted to the ground sites through the command and service module. Recorded 
voice is transmitted through the laboratory data system. 

A channel selector switch on the intercom panel allows selection of the 
and "SLEEP" mode for either channel. The channel selectc switch in the "ON" mode 
links the intercom to an audio load compensator. The selector switch in the "SLEEP" 
mode disables the speaker output of the intercom except when a "CALL" signal or 
ground-commanded crew alert is received. The intercom call switch must be manually 
maintained in the push-to-taik position. The call switch enables the intercom loop 
on both channels by supplying the microphone signal to both audio load compensa- 
tors simultaneously. The laboratory has 13 intercoms, some of which directly face 








The audio system was activated by the 
firrt crew on Day 13* During this period* 
when certain combinations of intercoms wer 
turned on and the microphone was activated 
in one of them* feedback occurred because 
of the high volume control setting on the 
second intercom* This required a crewman 


In the wardroom was used most often. Three 
other intercoms were within the acoustical 
field of the one used most often. The prob' 
ability was high that feedback would occur 
with any two of these .■* :e rooms powered up, 
the volume control on one turned up, and the microphone clrculL on the other inter- 
com activated. There was no feedback from the intercom in the waste management 
compartment and those in the sleeping compartment because of the acoustical iso- 
lation provided by the lockers arid the walls. There was no feedback between the 
intercoms in the docking adapter and those in the workshop* 


Figure 5«12.- Intercom 
typical installation. 


During a television tour of the Skylab* voice recording using the light- 
weight headset on the video tape recorder was at times fading and unintelligible 
This was not because of equipment malfunction* but because the headset was used 
as a haud-held microphone. The microphone in question must be in close prox- 
imity (0.5 inch or less) to the lips. Voice communication during extravehicular 
activity was satisfactory* with good quality communication obtained between the 
crew and mission controllers. Background noise due to suit gas flow was minimal 
and did not degrade voice intelligibility. 

A review of tape recorded voice indicated that the voice quality was sat- 
isfactory and there was no detectable crosstalk from the other recorded channel. 
No equipment problems were noted in operating Che recorder from any of the In- 
lercoEDS or panel-mounted controls. During the first maimed period the crew in- 
dicated the call switch was never used, although the switch was checked once to 
determine its operation. No problems were encountered with connecting and dis- 
connecting the umbilical connectors to the Intercoms. The second crew activated 
the audio system on Day 76. The audio feedbark problem encountered by the first 
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crew was still an annoyance during the second manned period. Less feedback oc- 
curred during real-time voice transmission, however, because of improved inter- 
com configuration control. 

The channel A audio system was used exclusively to provide real-time air-to- 
ground communications, onboard communications, and recorded voice transmissions 
through Day 79. The quality of crew voice transmissions was satisfactory through- 
out this period. On Day 79 the channel B audio circuit was activated to make 
recording on the laboratory recorders possible. After this activation, voice 
reception from tape playbacks was unintelligible at the ground stations. The 
crew successfully initiated a number of voice tape playbacks on Day 80 using 
Channel A, indicating the tape recorder was not the source of the problem. The 
audio system was reconfigured to provide real-time air-to-ground communications, 
on-board communications on the channel B audio circuit, and recorded (delayed-time 
voice) communications on the channel A audio circuit, and it remained in this 
configuration for the remainder of the second manned period. The crew conducted 
a troubleshooting procedure on the channel B audio circuit on Day 88 which indi- 
cated that the recorded voice problem was due to degraded operation of the tape 
recorder amplifier and associated power supply portion of the audio load compen- 
sator. 

Noise oscillations at A hertz were heard on the intercom loop (channel B) 

on Day 132, r -ompanied by a drop in the earphone level. However, communication 

could be maintained in spite of this problem, which lasted no mere than 1 day. 

The channel B audio load compensator was identified as a possible cause. Fol- 
lowing deactivation of the audio system on Day 135, this same problem occurred 
in the command module audio system after undocking. Because of this occurrence, 
the noise problem was attributed to the command module components of the system. 

Because of the loss of one of the tape recorder amplifiers, a contingency 
voice tape recorder adapter cable was developed as a means of voice recording 
should the one existing channel A fail. A modification kit was also developed 
for providing an additional load on the Saturn Workshop command module micro- 
phone lines to reduce the input level to the command module audio center and to 
load the earphone lines when transmitting from the Saturn Workshop to the ground. 

The recorder cable and kit were carried up by the third crew. The audio 

system was reactivated on Day 188, and the antifeedback modification was installed 
in the command module on Day 195. On Day 200, an intercom unit in the docking 
adapter lost its microphone amplifier and was replaced with a spare unit. On 
Days 251 and 253, audio channel B again experienced noise and low volume. While 
the noise problems on Days 132 and 251 lasted approximately 1 day, the noise oc- 
currence beginning on Day 253 lasted throughout the mission. 

Although the first occurrence was conclu* ’ to be Isolated to the command 
module (s^ace this noise was also heard during the reentry) it is probable that 
all three noise occurrences and low volume were due to intermittent component 
degradation in the channel B audio load compensator earphone amplifier, which 
finally failed on Day 254. 

The intercoms were heavily used during the mission primarily because they 
^ did not encumber the crew’s mobility in the large volume provided. Headsets and 

umbllicals were used for extravehicular activities and voice annotation. Com- 
bining the internal communication, air-to-ground transmission, voice annotation, 
and biomedical, caution and warning, and headset interfaces within one intercom 
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i.nlt required the use of a large number (13) of these units. These varied re- 
quirements resulted in nine intercoms in the lower half of the workshop, requir- 
considerable crew discipline to prevent feedback. The installation of the 
iintifeedback network assembly, which reduced the system gain, proved to be very 
effective during the third manned period. 


Although two failures occurred in the audio load compensator, its redundant 
esign enabled it to maintain a two-channel operation as well as voice record 
:apability. However, the loss of the channel B tape recorder amplifier and the 
necessity of opening a circuit breaker to disable a noisy earphone amplifier and 
of closing it when recording was a major problem. Fortunately this occurred late 
iii the third manned period. The system provided the required voice comnunica- 
r.lon throughout the mission. In particular, the backup and redundancy provisions 
were a prime factor in maintaining the system at its full capability. Table 5-XI 
ists significant events for the audio system. 

Table 5-XI.- Saturn Workshop Audio System Events 


Day 

Manned period 

System operation 

13 

First 

Audio system activation. Audio feedback occurr^ed 
periodically during mission. 

40 

First 

Audio system deactivated. 

76 

Second 

Audio system reactivated. 

79 

Second 

Garbled vo’ce from laboratory tape playbacks (recorder) 
amplifier failure in Channel B). Only one recorder 
amplifier available for rest of mission. Channel A 
and Channel 8 configuration reversed, i.e., 

Channel A - Voice recording 

Channel 8 - Intercom and coimiuni cation with ground. 

96 

Second 

Broken switch on intercom ^replaced). 

97 

Second 

Hand-held micropnone noisy - stowed, and not used. 

132 

Secona 

Noise oscillation at 4 hertz heard on Channel B, asso- 
ciated with loss of system gain. Problem disappeared 
same day and system returned to normal . 

135 

Second 

Audio system deactivated. 

188 

Third 

Audio system reactivated. 

19L 

Thi rd 

Anti feedback cofmiunl cation network installed. 

200 

Third 

Intercom failure in docking adapter, (replaced by on- 
board spare). 

251 and 253 

Third 

Channel B earphone amplifier noise. 

254 

Third 

Channel B audio load compensator earphone amplifier 
failure. 

270 

Third 

Audio system deactivated. 


5.4 TELEVISION SYSTEM 

Tb- c N.yiab television system has two video networks for separate purposes. 
The laboratory network provides views of the crew’s activities, hardware, panels, 
cuid ^ther items requested by the ground observers. Press conferences and views 
of ./eather phenomena and other Earth features are also transmitted to the ground 
^cations. The solar observatory video network provides solar experiment point- 
ing and adjustment and scientific data. The ground tracking sites used tor tele- 
vls:.on are mair.iy the continental United States stations of Goldstone, Texas, 
and Merritt island. These stations are connected by video lines to Johnson 
Space Ce^^ter. Figure 5-13 is a diagram of the television system. 

5.4.1 Laboratory Television 

The laboratory system includes two portable color cameias and six tele- 
vision input stations located throughout the Skylab so that the crew can program 
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television scenes of selected activities. Exterior scenes can be viewed by look- 
ing out windows, by taking a camera out the airlock hatch, by extending the cam- 
era on a boom from the scientific airlock in the workshop, or by use of an adapter 
with an experiment viewfinder tracking system. The system also allows the tele- 
vision signal from any one of the five solar observatory cameras to be selected 
for transmission or recording. 


A video tape recorder controlled by the crew can record up to 30 minutes of 
video information. Playback is controlled from the ground and requires the same 
time span used for recording. During recorder playback to the ground stations, 
live television coverage is not available. 


The laboratory television performed as predicted with few significant prob- 
lems. Selected video recordings were analyzed to evaluate the color and voice 
quality. The color converter was set up using standard color bar signals that 
had been prerecorded at the beginning and end of each scene. This gave the con- 
version system a standard setup with no compensation for the camera color wheel 
filters or the nonstandard color temperature of the lighting aboard Skylab. 

Under these conditions all scenes have a yellowish to greenish tint to them, 
particularly with camera No. 3005. Scenes taken with camera No. 3002 were not as 
prominently off color , and at times flesh tones of the crew were almost a normal 
Suntan color. All scenes exhibited a lack of color saturation. 


The color differences between scenes were caused by lighting conditions as 
a crewman moved around. This was most apparent in scenes of the airlock extra- 
vehicular activities. All of these effects, however, were compensated in the 
color converter and television processing. This required individual manual set- 
up of scenes with different illumination to obtain the best apparent picture 
quality; however, it was well within the processing capabilities. The normally 
converted and compensated pictures released to the commercial networks are of 
good quality. The compensation worked well; lack of color saturation in the 
video was not a system constraint. Figure 5-14 shows a crewman using the tele- 
vision camera to photograph an experiment. 


I 













t* Sot<J«r p)tpfr1ir#nt jnclosur# 

F. Portable color TV cjwurra 

G. T¥ Booltor 

H. Intercoa headset 


A, Water tanks 

B. Gefieral IHifainattan light 
C> Universal mount 

D, High intensity llgJ^t 


Figure 5-H.- Crewman using television camera 
to photograph spider activity. 

On Day 20, portable color camera, No. 3005 lost its output. The failure was 
caused by contamination particles in a hybrid microcircuit In the synchronizing 
generator-vertical Interval test signal adder section of the camera. The con- 
tamination caused a complete failure of synchronization and drive signals within 
the camera, leading to a total output failure of video. This was not considered 
a camera design deficiency. The crew substituted camera No. 3002, which func- 
tioned throughout the remainder of the mission. 

During the first manned period, color camera No. 3002 exhibited a number of 
black spots or dots in the picture which became more numerous as the mission 
progressed. The spots were not always readily apparent and were affected by the 
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through the viewfinder tracking system. In this scene the spots were well fo- 
cused, and estimates of the number of spots range from 25 to 50. An examination 
of the camera after the end of the first manned period disclosed that the spots 
were small contamination particles on the face of the vidicon. These spots were 
extremely small, probably less than 0.025 millimeter in diameter, but the mag- 
nification of the television system made them very noticeable on the monitor. 

The sound from the video tape recorder was very intelligible and of good 
conmunication quality. When the lightweight headset was hand held,, the level 
varied greatly because of the direction and distance of the microphone in rela- 
tion to the sound sources. 

The second crew carried up another portable color camera, No. 3006, to re- 
place the failed unit. On Day 76, the first day of the second manned period, 
this television camera's color wheel failed to rotate. The wheel stuck in such 
a position as to shadow the upper half of the picture. However, the lower half 
was good monochrome video and was aired by several networks. Several days later, 
the crew removed the camera lens and spun the color wheel manually. This action 
evidently freed the wheel, since it operated normally during the remainder of 
the mission. 

On Day 81, the video tape recorder failed during playback. The ground sta- 
tions reported no modulation on the transmitter carrier. Oiiboard troubleshooting 
was unsuccessful, so the crew replaced the malfunctioning recorder with the spare 
recorder. The crew removed several printed circuit boards from the recorder and 
returned them for exam. nation. A video limiter-demodulator board was found to be 
defective. Replacement printed circuit boards were tested and carried up by the 
third crew. The replacement recorder on the vehicle performed properly for the 
remainder of the mission, so the spare printed circuit boards were never used. 

On Day 90, during a video tape playback, the audio was garbled.- Investiga- 
tion showed that the problem was caused by a faulty hand-held microphone. The 
microphone was removed from service and the problem never recurred. 

During an extravehicular activity on Day 103, a crewman carried portable 
camera No. 3002 outside the vehicle. Thermal analysis had predicted a maximum 
camera temperature of 125*’F. However, when the temperature climbed above the op- 
erating limit of 129®F and approached 158*F, the camera was turned off and al- 
lowed to cool. When the camera was reactivated, no output was recei ^d. Fail- 
ure was attributed to the high temperature experienced by the camera. The other 
television camera was used for the remainder of the second manned period. 

On Day 123, one of the television camera power cables and one of the tele- 
vision monitor cables were found to have intermittent circuits vdien flexed. 

These were replaced by the cables for the other camera and normal performance was 
restored. 

Another portable color camera. No. 3004, and a pair of replacement cables 
were brought up with the thi"d crew. During the third manned period, on Day 
229, the crew reported that while attempting to connect the camera cable to the 
television Input station, a broken pin floated out of the connector on the input 
stafon. The connector on the cable was inspected and was de<-ermined to be un- 
damaged. A spare input station was installed by the crew in place of the de- 
fective unit. Operation from this station, as well as all the others, was normal 
for the remainder of the mission. 
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5,4,2 Solar Observatory TeJevision 

The solar observatory video network comprises five television cameras and 
associated electronics. The outputs of these cameras are monitored by the crew 
from displays on a console in the docking adapter. Synchronizing generators 
provide drive signals to the cameras and the console monitors. Two video 
switcher-processors add synchronizing signals to the vi-Jeo outputs and condition 
them for video recording or transmission to the ground stations. 

Approximately one-third of the television downlink time was devoted to solar 
observatory television. The hydrogen alpha telescope, white light coronagraph, 
and extreme ultraviolet monitor sequences gave very good views of the Sun, which 
gave the Principal Investigators a preview of the data to be expected. On Day 
23, while the doors of the white light coronagraph camera were being closed to 
give a test pattern, a sudden light overload to the vidicon occurred. This was 
caused by sunlight being reflected from somewhere within the telescope canister, 
then off the doors, which were moving to the closed door position, and into the 
camera. No damage to the camera could be detcited after this occurrence. A 250- 
ampere current spike occurred on the solar observatory bus 2 on Day bi, and a 
short time later the voltage went to zero. Investigation showed that a short 
had occurred. All equipment was removed from bus 2 and transferred to bus 1. 

The television equipment operated normally for a period of time. Monitor 1 
failed on Day 132. It was replaced during the third manned period (5.8.6). This 
monitor had experienced transient uv^rstresses internally during the bus failure. 

On occasion, the crew observed a slowly oscillating blooming of the image 
from the hydrogen alpha 2 cameia. A particular change in light conditions at 
certain zoom lens settings caused oscillations in the automatic gain control 
circuitry of the television camera. This condition was readily corrected by 
zooming toward the 5X position until the oscillation stopped and then zooming 
back to the desired position. Because of the length of the secouu and third 
manned periods, a much greater volume of data was accumulated than expected. A 
review of the ground station video recordings showed that the overall quality 
of the television pictures was generally the same as experienced during the first 
manned period and remained constant throughout the mission. 

5.5 CAUTION A:;D warning SYSTEM 

The caution and warning system monitors the performance of the Saturn Work- 
shop systems and alerts the crew to hazards or out-of- tolerance conditions that 
could result in jeopardizing the crew or could compromise primary mission ob- 
jectives. The caution aid warning system consists of two isolated subsystems, 
the emergency subsystem and the caution and warning subsystem. Figure 5-15 is 
a diagram of the system. The emergency subsystem alerts the crew to a fire or 
rapid loss of pressure requiring immediate crew response. The caution and warn- 
ing subsystem alerts the crew to system out-of-tolerance conditions that require 
crew response immediately (warning) or within a short time (caution). 

The out-of-tolerance condition activates an audible tone and illuminates an 
Indicator light identifying the out-of-tolerance parameter. The tones are coded 
according to the reaction time required of the crew. The emergency alarm has 
two different tones; a siren indicating a fire and a buzzer indicating a rapid 
cluster pressure loss. The tones are broadcast throughout the Skylab by two 
klo:<on-type horns, one located in the workshop and one located in the airlock. 
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Figore 5-15.- Caution and warning system. 

A warning alarm, requiring immediate crew response, has a modulated 1-kilohertz 
tone. A caution alarm, requiring crew response within a reasonable time, has a 
1-kilohertz continuous tone. The caution and warning tones are broadcast through- 
out the Skylab by the speaker intercom assemblies. There are 40 indicator lights 
on the airlock panel which aid the crew in identifying the out-of-tolerance con- 
dition. 

Emergency and warning indicator lights are color coded aviation red; caution 
indicator lights are colored aviation yellow. Selected measurement indicators 
are also illuminated on the workshop repeater panel. 

The major power and control switches for the Saturn Workshop caution and 
warning system are located on a panel in the airlock. The master alarm indicator 
light switch, which is colored aviation red, is illuminated when either an emer- 
gency, warning, or caution parameter is activated. When depressed, the master 
alarm light switch provides a reset signal to the caution and warning unit elec- 
tronics to terminate the audio tones and extinguish all master alarm light 
switches and master alarm status lights. The memory recall light swi:ch has 
an amber lens and is used to recall the measurement which activated the subsys- 
tem. Depressing the :.iemory recall light switch causes the identification lights 
to be illuminated for the measurement stored xn memory. This provides after- 
the-fact Identification of short term suLsystem activations. A switch erases 
the memory circuitry in the unit and extinguishes the recall light switch. Three 
power switches are provided for controlling the caution and warning system. One 
switch is used to control power to the caution and warning subsystem, and the 
other tvio ^witches are used for the emergency subsystem. Four test switches — one 
each fo tire, rapid pressure change, warning, and caution — are provided for 
testing the caution and warning subsystem electronics, audio tone, and visual 
displays. Three volume controls are also provided for controlling the audio 
levels of the emergency, warning, and caution tones. 
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The caution and warning system was activated on Day 13 and deactivated on 
Day 40 at the end of the first manned period. The system operated satisfactorily 
throughout this period and was triggered approximately 60 times. Control moment 
gyro saturation, attitude control malfunction of the rate gyros, coolant loop 
low flow and low temperature, carbon dioxide pressure, condensate tank pressure, 
low workshop bus voltage, and rapid cabin pressure change were a few of the out- 
of-tolerance conditions detected. Many of the alarms occurred because of system 
management and w^re either anticipated or explainable. 

On Days 21 through 26 emergency subsystem 1 and rapid pressure change sensor 
1 were powered down during crew wake periods because of limited power. During 
this time all fire sensors were powered from side 2 of the fire sensor control 
panel. Side 2 of the redundant caution and warning subunit was powered down dur- 
ing crew wake periods during this period. No detrimental effects were detected 
during the abnormal system operation. 

There were six false alarms during the first manned period, all associated 
with the fire sensor assemblies. Three false alan s occurred on Day 13 shortly 
after caution and warning system activation. The alarms were attributed to ex- 
cessively high wall temperatures (approximately 144 °F in the workshop) - The 
fire sensor assemblies are qualified for an operating temperature of 120°F. 

Two more false fire alarms occurred during passes through the South Atlantic 
Anomaly, where the Earth’s magnetic field dips inward, allowing high energy ra- 
diation to come closer to the Earth. The alarms oc^'urred on Days 14 and 19. 

Both alarms were activated by the fire sensors located in the aft compartment 
workshop cooling module. According to dosimeter and proton spectrometer data, 
the alarms occurred during pea. radiation levels. A statistical analysis of sys- 
tem characteristics, based on estimc.tes of radiation levels expected to be en- 
countered in the Sky lab orbit, had indicated that a threshold of 35 counts per 
second and a time constant of 1 second would preclude more than 1 false alarm 
for each 56-day manned tieLiud. coinp^nsate for the unexpected, however, the 
fire sensors were designed to allow selection of sensitivity settings from 25 
to 75 counts per second in 10-count increments. 'The sensitivity of the activa- 
ted fire sensor was reduced from 35 to 45 counts per second. 

The crew reported a low laboratory bus voltage alarm on Day 20. Real-time 
troubleshooting . evealed that the caution and warning workshop bus 1 and 2 sens- 
ing circuit breakers and a workshop power feeder circuit breaker were open. A 
system checkout procedure initiated on Day 22 re led no system anomalies. The 
circuit breakers were closed and the low laboratory bus voltage aJ.ann was re- 
activated. The system performed normally through completion of the mission. 

A rapid pressure change alarm occurred three times during the first manned 
period. The first alarm occurred on Day 24 just before extravehicular activity* 
The crew had to perform a system reconfiguration. The slight pressure differen- 
tial between compartments when the airlcck to workshop hatch was opened acti- 
vated the first alarm. The other two were expected alarms that occurred during 
airlock repressurization after extravehicular activities on Days 25 and 37. 

During the first extravehicular activity on Day 25, a fire sensor located 
in the aft airlock compartment was activated by sunlight through the opened 
hatch, generating the sixth false alarm. The crew procedures were changed to 
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inhibit these fire sensors during extravehicular activity, since the aft air- 
lock compartment is evacuated during this period. Also on Day 25, the crew re- 
ported that no pump-pressure-difference alarm was received when the suit umbil- 
ical system pump was activated before the extravehicular activity. Under normal 
system operation, an alarm would be generated during activation. The caution 
and warning pressure sensor may have been damaged when the suit umbilical system 
was exposed to extremely low temperature earlier that day. Activation and check- 
out of the suit umbilical system by the second crew verified that the pump pres- 
sure sensor had failed. 

On Day 27, a fire system test was performed and a fire sensor failed to re- 
spond. On Day 28 a fire system failure isolation test was performed which indi- 
cated a failure of side 2 of the fire sensor panel. The fire sensor control 
panel was successfully replaced with an inflight spare. The removed panel was 
retained onboard as an inflight spare for two workshop locations which only use 
side 1. The fire sensor, as well as the control panel, was replaced during the 
isolation test. The removed sensor was marked ”USED** and stowed onboard the 
vehicle. 

The second crew activated the caution and warning system on Day 76 and de- 
activated it on Day 135. During extravehicular activities on Day 103, caution 
and warning subsystem 2 and emergency subsystem 2 were turned off for 6 hours to 
mininiize syst:»m loading. The system performed satisfactorily during this mini- 
mum load configuration. 

The system operated satisfactorily throughout the second manned period and 
generated in excess of 100 alarms. The parameters that generated the alarms 
were: Skylab attitude (thruster stuck on high rate); primary and secondary cool- 
ant flow; attitude control system malfunction (control moment gyro saturated, 
thruster control only); molecular sieve out, carbon dioxide pressure high; com- 
mand and service module malfunction; fire; sieve gas flow; workshop gas inter- 
change; condensate tank pressure change; caution and warning power; emergency 
power; extravehicular activity; and rapid pressure change. The majority of 
these alarms were due to excessive attitude cinange rates caused by experiment 
venting and system management and were explainable. 

There were three false alarms generated during the second manned period. 

Of the false alarms, one was a warning and the remaining tvo were fire alarms. 

The false warning alarm occurred on Day 103, during the extravehicular activity 
in which the supplementary rate gyro package was installed. The crew attempted 
to identify the cause of the alarm, but the memory recall failed to indicate 
v;hich parameter triggered the alarm- A lamp test was performed on Day 104, but 
no burned out indicator lights were found. A warning system test was initiated 
on Day 111 to check the memory recall capability of the warning parameters. No 
problems were found. 

Both of the false fire alarms were attributed to high amounts of ultraviolet 
radiation entering the vehicle tUrough windows which had their sunshades removed 
fo.- picture t iking. The first alarm, on Day 83, was initiated by a jardroom fire 
sensor assembly. The wardroom window was facing the Earth while the sunshade was 
removed. The second fire alarm occurred on Day 114. Performance of certain ex- 
periments required that the sunshade be removed from a scientific airlock window. 
The ultraviolet radiation which entered the vehicle ^lc:ivated two fire sensor as- 
semblies. 
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During the second manned period, rapid pressure change alarms occurred four 
times. Two of these were expected alarms that occurred during airlock repres- 
surization after extravehicular activities on Days 76 and 132. 'fhe crew caused 
two rapid pressure change alarms by accidentally interrupting emergency power 
when they tripped a circuit breaker on Day 117 and a power switch on Day 120. 

The crew deactivated the caution and warning system on Day 135. During the 
second crew debriefing, the crew suggested inhibiting the following caution pa- 
rameters: workshop gas interchange, sieve A and B gas flow, and sieve A and B 
outlet carbon dioxide pressure. When the gas flow is switched from one bed to 
the other, a small amount of unprocessed gas bypasses the beds, causing the car- 
bon dioxide pressure sensor in the bed discharge outlet to Lrigger the alarm. 

At least nine sieve A gas flow alarms were generated because of the sporadic 
flow caused by bed cycling. Sieve A gas flow was inhibited on Day 123. On Day 
90, during the second manned period, molecular sieve A carbon dioxide pressure 
triggered the system. This parameter was inhibited on Day 91 and remained so 
for the rest of the mission. The workshop gas interchange parameter was inhib- 
ited on Day 118 following at least two alarms and replacement of the airlock 
duct fan. 

The third crew activated the caution and warning system on Day 188. Check- 
out and test was by procedure, with no problems. Out of the 40 alarms waich oc- 
curred during this period, two false alarms were observed. Both of these were 
generated by fire sensors while traveling through the high radiation belts of 
the South Atlantic Anomaly on Days 232 and 252. These sensors had not been ad- 
justed to the higher level of radiation that the others were set for during the 
first manned period after the radiation belt had caused alarms. As this was late 
in the mission, their sensitivity was not changed, and no further false fire alarms 
occurred. About half of che alarms were from the attitude control system and all 
were explainable. High attitude rate changes caused gyro saturation alarms during 
maneuvering for Earth observations and comet observations, h-gh torques on the 
vehicle caused by the crew during extravehicular activity and by experiment vent- 
ing also generated these alarms. Other alarms were generated by coolant loop 
flow sensors during the crew reservicing of the coolant fluid and subsequent test- 
ing of the system. Housekeeping tasks which required turning off fans and other 
equipment caused other alarms. Rapid pressure change alarms were caused by re- 
pressurization of the airlock after extravehicular activities, which also had 
happened during the previous manned period. 

On Days 243 and 264, the caution aid warning systems were turned off during 
Earth observation and experiment pointing maneuvers as a power conservation meas- 
ure. On Day 261, to preclude alarms during the data-taking time, the eight lab- 
oratory battery low charge (70 percent discharged) sensors were disabled during 
an Earth observation pass. 

On Day 268, the crew inhibited sensors on the solar observatory canister 
pump pressure, canister coolant temperature, and canister heater temperature to 
preclude alarms during ground testing of the systems. The caution and warning 
system was turned off on Day 271 in accordance with the final deactivation pro- 
cedure. 

The crews performed emergency subsystem testing periodically throup/'out the 
mission. These tests included emergency system verification, fire sen- .r ver- 
ification, and rapid pressure change sensor verification. Tests v^ere also per- 
formed on the caution and warning subsystem. These included checks on crew alert 
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capabiJ.ity , tests of annunciatoi panel lamps, an^ warning system verification 
terts. AJl of the tests were performed without incident. 

During the Skylab mission, the caution and warning system in the flight back- 
up u-".it and in the Skylab test unit were maintained in a mission support mode. 

The oackup caution and warning system configuration was identical to that the 
flight vehicle. Special tests and operational modes were performed as required 
to support the resolution of problems or suspected problems on the Saturn Work- 
shop in flight. Data were plotted on all system- related parameters to monitor 
system performance and tu observe parameter trends for out-of-tolerance or any 
erratic operation. The test and backup units were used to help solve prcolems 
occurring during the mission that involved fire sensor false alarms and bus 1 
and 2 low voltage alarms. 

The caution and warning subsystem* s audible alarms are transmitted through- 
out the '^ehicle by the intercom assemblies. A high jovel audio amplifier powers 
the speakers. The caution and' warning to speaker in.:jrface f* ictioned as ex- 
pected throughout the mission. The crews reported the the caution and warning 
tone levels were adequate. Mo inflight adjustments were required. 

The caution and w^arning system performance met all mission requirements. 

The alarms generated were correlated with telemetry data and provided a good 
cross check of system status. All alarms were explainable and most were ex- 
pected. Ground controllers studied each daily flight plan, housekeeping and 
troubleshooting procedure, ard maneuvering and venting operate -i, and alerted 
the crew to pending alarm activations. Being able to recall tne alarm source 
and to inhibit expected alarm sensors enabled the crew to perform the planned 
activities without unnecessary interruption. 

No false alarms occurred as the result of abnormal caution and warning sys- 
tem behavior or component malfunctions. The system was operational during all 
manned phases of the mission and successfully monitored all 76 preselected pa- 
rameters, relieving the crew to perform other assigned activities. Th<_ crew 
reported that the system performed in an outstanding manner and that they were 
well pleased with all caution and warning system and crew interfaces, such as 
system control and inhibit switches, audio alarms, indicator lights, parameter 
categories, memory recall, and system reset capabilities. Out of the 76 param- 
eters monitf/red, only the gas flow, the carbon dioxide &ensor, and the control 
moment gyro saturated signals activated the system an excessive number of times. 
The control moment gyro saturation alarm was activated frequently during periods 
of high activity and because of rate gyro failures, while the carbon dioxile 
level and gas flow alarms resulted from the marginal sensing techniques used. 

5.6 TIMING 

The Saturn Workshop usee two iiidependent tine reference systems foi its op- 
erations. The laboratory time reference is provided by precision electronic 
timers and associated hardware. The solar observat.'ry computer generates mis- 
sion time and distributes it in the required form by means of software programing. 

\ 5.6,1 Laboratory Time Reference System 

The laboratory time reference system provides onboard time displays, gener- 
ates time correlation for the instrumentation system and Earth observation 
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experiments, initiates time-dependent switchover to redundant components within 
the digital commard system, and initiates* other time-dependent equipment control 

The system consists of two electronic timers, two time correlation buffers, 
two digital display units, and an event timer. Figure 5-16 is a diagram of the 
time subsystem. 
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Figure 5-16.- Laboratory time reference system. 


Each electronic timer has three magnetic shift rctgisters. One register 
counts up in 0.25-second increments; the other two count down by the same amount. 
The count-up register data are converted in the time buffer to binary coded dec- 
imal signals which drive the clocks. These clocks display time synchronized to 
Greenwich mean time. 'Hie displays have a maximum display capability of 399 days 
23 hours 59 minutes 59 seconds. A periodic reset of the count-up register sets 
the hours, minutes, an<i seconds displays to zero, synchronizing the two clocks. 
This reset is enabled by digital command issued by the ground station, and occurs 
at Gmt midnight. The countdovm registers are used to generate signals which re- 
set selected relays in the digital command system, allowing equipment to be 
turned off when the Saturn Workshop loses station contact. The event timer 
displays time at any selected rate up to a maximum of 999 hours 59 minutes 59 
secc ^o. The event timer is manually controlled. 

The primary electronic timer operated continuously after launch. The 
elapsed time drift error associated with this timer averaged less than 0.25 
sec/day. Tliio error rate is considerably better than the timer specification 
of 3 sec/day. All time register updates were successfully accomplished. During 
unmanned periods, while the secondary digital command system was powered down, 
the time-to-transfer register was kept updated to approximately 3 hours. While 
the crew was onboard, automatic switchover of the command s^'stem was not re- 
quired, and the time-to-transfer register was updated to approximately 16 days. 
The count-up time register was reset to zero at Gmt midnight approximately seven 
times during the first manned period to maintain a drift error of less than 1 
second- The time correlation buffer, event timer, and digital display units 
operated with no known discrepancies. 

During the second unmanned and manned periods the time system operated norm- 
ally, using the primary electronic timer, until Day 104. On that day, the sec- 
ondary electronic timer was activated following a crew report that both digital 
display units were counting erratically. Timing inputs to other systems from 
the primary electronic timer were observed to be normal. The erratic display 
readouts occurred following the installation of the supplementary rate gyro pack- 
age and were considered to be noise related. Before secondary timer activation, 
the primary timer had operated continuously for approximately 2478 hours. 
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After approximately 584 hours of operation, the secondary electronic timer 
elapsed time data also became erratic on Day 129. This failure consisted of 
minus 2 hours 16 minutes (+1 minute) time jumps observed on both data ard dis- 
plays. Only the elapsed time register output was observed to be erratic. The 
primary electronic timer was reactivated and operated satisfactorily. The sec- 
ondary electronic timer was reactivated on Day 133 to determine what backup ca- 
pability was remaining. The unit successfully provided 25 hours 3 minutes 33 
seconds of elapsed time display; 23 hours 15 minutes 42 seconds of this total 
time occurred after an elapsed time reset to zero at Gmt midnight on Day 134. 

On Day 134 the primary electronic timer was again reactivated and operated sat- 
isfactorily for the remainder of the mission. The elapsed time error for the 
primary timer averaged approximately 0.25 sec/day too fast while the secondary 
timer error averaged approximately 0.4 sec/day too slow. The error from both 
timers is considerably better than the error specification of 0 + 0.875 sec/day. 

5.6.2 Solar Observatory Time Reference System 

The solar observatory computer is programed to provide navigation and timing 
information for the Saturn Workshop. The naviga ?on program maintains knowledge 
of Saturn Workshop position in orbit relative to orbital midnight. Significant 
orbital event times are calculated and are used, along with position in orbit, 
to determine the day-night phase of orbit and the time remaining in the prevail- 
ing orbital phase. This information, along with several intermediate parameter 
calculations, is used to support other functional areas of the program such as 
maneuvering, momentum management, orbital plane error, and roll reference, as 
well as for display purposes and experiment timing. Mission time for display is 
maintained from one of two available mission timers. The redundant mission 
timers are 29-bit registers that store time in terms of days, hours, minutes, 
and seconds. These timers use basic oscillators separate from those used to 
provide computer software timing. Either timer may be selected and timer drift 
corrected by digital command from the ground station. Figure 5-17 shows the so- 
lar observatoi'y timing interfaces. 
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Figure 5-17.- Solar observatory time reference system. 

The telemetry system provides two synchronization signals to the computer 
to provide time correlation with the computer and experiments. The transmitter 
provides 1-pulse-per-second and 24-pulses-per-second Interrupt signals to the 
computer. The 1-pulse-per-second interrupt causes the computer to load the ex- 
periment register with mission timing, which is then transferred to the experi- 
ments once each second to be film recorded. The 24-per-second interrupt pulse 
causes the computer to generate a 50-bit word, which gives computer status, and 
to transfer the word to the telemetry register. Immediately after a 24-pulses- 
per-second telemetry signal is transmitted to the computer, the contents of the 
50-blt telemetry interface register are sampled by the telemetry system and 








1 


•1 


5-35 


transmitted to ground stations. The telemetry system also samples and transmits 
the current clock time with alternating 50-bit telemetry words. A backup 1- 
pulse-per-second signal is also generated by the coraputer from the 24 pulses per 
second to allow experiment timing in case the 1-pulse-per-second signal from the 
telemetry system should fail. 

During the first 26 days of the Sky lab mission » the two timers were used 
alternately in an effort to determine which timer was most stable. The first 
timer update occurred on Day 11 when timer B was updated by -11 seconds. On 
Day 21 timer A was updated by -4 seconds. On Day 24 timer B was updated for the 
last time by -18 seconds. After the switchover to the secondary computer, on Day 
27, timer A was used for the remainder of the mission. During this time, timer 
A exhibited a positive drift of approximately 0.3 sec/day which was well wit lin 
the specification tolerance. Following switchover, the timer was held within 
an accuracy of 3 seconds, requiring an update every 11 to 13 days. This resulted 
in a total of 21 updates to the secondary computer timer A. 

The computer timing-telemetry Interface satisfied all mission requirements 
with no known problems. However, some of the experiment data could have been 
analyzed to a greater depth had the computer and the telemetry timing been more 
closely synchronized. Had computer time been a multiple of telemetry time, syn- 
chronization would have been improved. 

S.7 RENDEZVOUS, RANGING, AND DOCKING AIDS 

Two methods are used for rendezvous, ranging, and docking with the Saturn 
Workshop. Electronic devices provide radio location and ranging information. 
Figure 5-18 shows the VH'' rendezvous and ranging system. Visual aids also pro- 
vide location information, plus attitude alignment for the final phase of ren- 
dezvous maneuvering. High intensity tracking lights, colored docking lights, 
docking targets, and optical sights compose the visual aids. Figure 5-19 shows 
the visual tracking and docking aids. 
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Figure 5-J.8.- Rendezvous and ranging system. 

The VHF rendezvous and ranging system determines the closing distance and 
rate between the command and service module and the Saturn Workshop. Dming 
rendezvous the command module transmits a tone-modulated signal. A transponder 
onboard the Saturn Workshop receives and retransmits the signal. Command module 
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Figure 5-19.- Tracking and docking aids. 


computers measure the phase differences of these signals and display the dist- 
ance between the two spacecraft in increments of 0.1 nmt. Maximum distance for 
VHF ranging lockup is approximately 300 nini. 

The VHF ranging system operated twice during the first crew rendezvous for 
3 hours and 2 hours, respectively. During rendezvous, the Saturn Workshop was 
was in a SO-'degree pitch-up attitude for thermal control. The 135 nmi acquisi- 
tion range reported by the crew is considered very satisfactory considering that 
the antennas were not properly aligned. The system operated for 4.5 hours during 
the second crew rendezvous on Day 76. Initial acquisition occurred at a range 
of 390 nmi. This rendezvous was conducted with the Saturn Workshop in a solar 
inertial attitude to maintain full power capability. This profile was altered 
from the premission plan in which the Saturn Workshop was to be in a Z-axis local 
vertical attitude during much of the time the rendezvous systems were to be ac- 
tive. The solar inertial attitude caused some abnormal look angles, resulting In 
predictable periods of loss of contact between the command and service module and 
the Saturn Workshop. The Lhird rendezvous c . Day 187 used the system for approxi- 
mately 4 hours. Acquisition was made at a range of 209 nmi. The rendezvous was 
conducted with the Saturn Workshop in a solar inertial attitude, as in the pre- 
vious rendezvous. Again, some predictable periods of loss of contact resulted 
from the abnormal look angles. The total Saturn Workshop system operating time was 
247.5 hours for the entire Skylab mission wich five cycles of operation. Of this, 
approximately 234 hours of operation occurred during the first manned period to 
provide heat to the coolant loop. The system net or exceeded all of its design 
objectives during the mission and was considered to be an operational system at 
the end of the mission with no degradation in capability. 

Four modified Apollo tracking lights provide a visual means of locating the 
Saturn Workshop for rendezvous during orbital night. The Apollo sextant or the 
^ optical alignment device can be used for long range acquisition. Each tracking 

light consists of a flash lamp mounted on the solar observatory deployment as- 
sembly, an electronics unit, and interconnecting control cables. The minimum 
light intensity is 1000 beam-candle-seconds in a region which is essentially a 
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90-degree cone centered about the Saturn Woricshop +X axis. The tracking lights 
flash at a rate of 50 to 65 flashes per minute with a maximum flash duration 
of 0.3 millisecond. Normally two tracking lights are active and two are for 
backup. An automatic control switches to the backup lights if the prlmar> lights 
fail. Control of the lights is normally provided by the digital command system; 
however, an onboard switch is available for crew use. The electronic timer 
provides an alternate means of deactivating the tracking lights when the space- 
craft is out of range of a tracking station. 

The tracking light subsystem operated for each rendezvous. On Day 12. th^ 
first crew twice required tracking lights for rendezvous for 3 hours and 2-houi.s, 
respectively. The lights were firj^ reported by the crew at a distance of 390 nmi, 
which is In excess of the expected range. Rendezvous of the second and third 
crews were conducted with the Saturn Workshop in the solar inertial attitude. 

Thir attitude caused some abnormal viewing angles for t tracking lights, result- 
ing in some predictable periods of loss of contact between the command module and 
che Saturn Workshop. During the final rendezvous on Day 187, the tracking lights 
operated for approximately 4 hours. The crew did not report w.ien the tracking 
lights were first sighted. 

Eight colored docking lights are mounted on the Saturn Workshop. The colors 
of the lights serve as references in maneuvering the command module, usually from 
about 200 feet out from the Saturn Workshop to within 50 feet of the docking port. 
The discone antennas are also illuminated with white lights so that the crew can 
avoid the antennas during flyaround and docking maneuvers- The docking lights are 
normally controlled by the digital connnand system; however, an onboard switch pro- 
vides the capability for crew control in the event of an extravehicular activity 
or a rescue mission. The individual lights are not redundant since the loss of 
several lights would not jeopardize docking. The docking lights were operated 
during the period of rendezvous termination until docking, or approximately 1.5 
hours for each manned period. 

There are two docking targets mounted on the Saturn Workshop, one near each 
docking port. These are used in conjunction with the optical alignment set, 
which is mounted on the window frame in the command module. The target and 
alignment set allow the orientation of the vehicle within the 10 degree varia- 
tion from center range required for probe and drogue mating. The docking target 
system was used extensively during the ^ollo missions, so the procedures and 
crew training were well developed before the Skylab mission. The first crew 
made several docking attempts because of probe problems; however, neither they 
nor the second or third crew made any comments about the alignment system oper- 
ations < 

5.8 ANOMALIES 

Most of the anomalies described in this section were the results of component 
failures In equipment in inaccessible locations, so examination of the failed 
items was not feasible. In most cases tests, simulations, and data analysis lo- 
calized the failures. The use of redundant equipment, the selection of alternate 
modes and procedures, and, %diere possible, the replacement of failed hardware en- 
abled satisfactory performance of the Instrumentation and communications system 
throughout :he mission. 
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5.8.1 Laboratory Low-Level Multiplexers 

Intermit tence of one of the low-level multiplexers was probably a failure of 
the ronredundant pulse steering diodes used in the counter module inputs. The 
exact nature of the failure was not determined. Noise on the reference voltage 
and seven other measurements on another low-level multiplexer was most probably 
caused by a change in **tum-on” characteristics of a second-tier switch. The 
noise which occurred on the first eight channels of all of the low-level multi- 
plexers and nine channels of the programer on Day 224 was most likely caused by 
a varying voltage propagated on the 3-millivolt (15 percent) reference line con- 
nected to the affected multiplexer and programers. 

5.8.2 Laboratory Transmitter A (10-Watt) 

The loss in the RF output power of transmitter A was attributed to the RF 
power amplifier section’s degrading to an unusable level. The cause was not de- 
termined. 


5.8.3 Solar Observatory RF Coaxial Switch 

Approximately 7 hours after the Saturn Workshop was launched, high reflected 
RF power was exhibited by the solar ouservatory RF link consisting of transmitter 
1, coaxial switch 1, RF mu^ticoupler 1, and the aft antenna. The reflected power 
was 8.6 watts; the nonsal value is less than 0.5 watt and the specification value 
is less than 2.0 watts. Transmitter 2 inci ^nt and reflected power remained normal 
on both forward and aft antennas. 

The possible location of the fault was limited to the coaxial switch and the 
RF multicoupler. The coaxial switch failure simulation corresponded more closely 
to the actual flight condition; therefore, it was assumed that the switch was the 
failure point. The switch operated properly in the transmitter **to forward an- 
tenna** position. 


5.8.4 Audio System Channel B 

The first playback of the recorded voices of the second crew over audio chan- 
nel B was unintelligible at the ground station. The crewmen also noted that the 
intercom speaker volume o\\ channel B was lower than that on channel A. The crew 
performed a diagnostic procedure uplinked from the ground whereby each of the re- 
dundant earphone amplifiers was disabled, one at a time. The earphone amplifiers 
were operating satisfactorily, since the speaker volume decreased equally when 
each of the circuit breakers was turned off. The crew then disconnected the tape 
recorder and recorded channel B voice on tape recorders 2 and 3, which resulted 
in garbled voice playbacks from both recorders. In a ground unit test, the power 
supply providing regulated power to the tape recorder amplifier and one of the 
two channel B earphone amplifiers was reduced from the normal +20 vdc to 16 vdc. 
The tape recorder amplifier circuit then produced low frequency oscillations and 
garbled voice similar to the problems encountered in flight. At the same time 
tne voice output at the speaker decreased. It was concluded that the cause of 
garbled channel B audio was a degraded power supply for its recorder amplifier. 
With only one tape recorder amplifier remaining for the rest of the mission, an 
alternate mode of recording voice was developed and a modification kit was fab- 
ricated on the ground and carried up by the third crew. 
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The third crew reported on Day 261 that a noise on the channel B intercom 
loop which had been present for a short period on Day 132 was back again, occur- 
ring at a rate of approximately 6 hertz. The crew implemented a procedure which 
switched the backup audio center onto the channel B circuit. The problem still 
existed, so troubleshooting of the earphone amplifiers of audio channel B was in- 
itiated. The two buffer amplifier circuit breakers were opened and closed se- 
quentially, and the noise disappeared when circuit breaker number 1 was opened. 

It was concluded that the noise source was the secondary channel B earphone 
amplifier. Opening circuit breaker number 1 disabled the remaining opera- 
tional tape recorder amplifier of channel A. Therefore, it was necessary to 
close this circuit breaker during voice recording. This procedure was accept- 
able since there were only 16 days left in the mission before final deactiva- 
tion. No other action was taken. 

5.8.5 Video Tape Recorder 

The video tape recorder lost playback capability on Day 81. It showed only 
a carrier modulation corresponding to a dc bias input to the transmitter. The 
bias level Indicated a failure in the video demodulator circuitry. Four printed 
circuit boards were brought back for analysis. 

The failure was found to be au open circuit in a variable coll in the de- 
modulator* The defective coll was resioved frca the video limiter— demodulator 
board and subjected to temperature shocks. High temperature reopened it. X-rays 
of this coil and a control sample from the same lot showed insufficient coil wire 
wrapped around the terminal and the absence of a solder fillet st the junction. 
The coils were microsect ioned, and the inspection confirmed the X-ray finding* 
Further analysis showed that the defect was not caused by an external circuit or 
electrical transient anomalies. Very few data were lost as a result of the 
anomaly. 


5.8.6 Tele vis ion Monitor 

One of the two television monitors on the solar observatory control and dis- 
play panel lost its raster on Day 132. Telemetry data showed that the monitor 
was not using any electrical current. Failure simulation testing showed that 
when power was switched on a normal monitor, a characteristic current transient 
always occurred on the input power line because of capacitor charging in the low 
voltage power supply. This was not observed when the onboard unit was turned on 
and off. It was concluded that the isolation diode for the low voltage power 
supply had failed open. 

During the remaining week of the second manned period, the crew con- 
strained to one monitor. This imposed an undesirable procedural consti. on 
the crew. A new monitor was sent up for the third manned period. It was in- 
stalled and operated normally for the rest of the mission. 
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SICTION 6 

ATTITUDI AND POINTING CONTROL 


The Saturn Workshop was designed with no major articulating elements because 
of the use of existing hardware, cost limitations, and other development consid- 
erations. The fixed solar arrays, antennas, and experiment mounts made attitude 
control very important for general orientation. Some experiments required rea- 
sonably precise orientation and stability, and the solar observatory required a 
very precise pointing control. 

Many techniques were available for attitude maneuvering and stabilization 
in low Earth orbit, and several factors influenced the selection of the control 
system. Aerodynamic effects, gravity fields, and magnetic fields as well as 
onboard disturbances had to be overcome for stability. Attitude change rate and 
mission lifetime requirements also influenced the selection of maneuvering tech- 
niques. Onboard disturbances were minimized by techniques such as nonpropulsive 
venting. External torques were also minimized where possible by keeping the X 
principal moment of inertia axis in the orbit plane and reducing aerodynamic 
asymmetry. No provisions were maae in the Saturn Workshop for linear accelera- 
tion for orbit trims. This function, when required, was to be performed by the 
command and service module. 

A summary of the design and performance of the system is presented, includ- 
ing a brief description of the anomalies. More detailed information is contained 
in reference 3. 


6 . 1 ATTITUDE CONTROL 
6.1.1 System Requirements 

The system requirements for attitude control for the Saturn Workshop were 
unique. The attitude control system had to accurately point the solar observatory 
at the Sun and the Earth observation sensors at the Earth, and to maneuver the 
100-ton Skylab to various attitudes. The system was required to perform these 
operations in Earth orbit for a period of 10 months without repair or resupply. 

The system had to be capable of point g the solar observatory at the Sun with an 
accuracy of +6 arc-min about the Saturn Workshop X and Y axeSj, and +10 arc-min 
about the Z axis. This, the vehicle's primary attitude, is called the solar in- 
ertial attitude (fig. 6-1). The pointing stability required in this attitude was 
+9 arc-min for 15 minutes about the X and Y axes, and +7.5 arc-min for 15 minutes 
about the Z axis. The system had to be capable of pointing up to +4 degrees away 
from the sunline while maintaining this accuracy and stability. For the Earth 
observation sensors, the required attitude was with the -Z axis pointed at the 
Earth's center and the +X axis in the direction of the orbital velocity vector 
(fig. 6-1). This, called the Earth observation or Z local vertical attitude, 
had to be maintained to within 2.5 degrees. The system had to be capable of 
maneuvering the Saturn Workshop from the solar inertial attitude to any other 
attitude, holding the new attitude tnertially fixed, and then returning to the 
solar inertial attitude. 
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Figure 6-1.- Typical orbital geometry 

illustrating two attitudes. 


Other requirements were established for rendezvous and orbit trim. The 
rendezvous attitude pointed the -Z axis toward the center of the Earth, and 
the -X axis in the direction of the orbital velocity vector. This attitude was 
to be maintained to within +12 degrees about the Saturn Workshop Y-axis, and +6 
degrees about the X and Z axes. During orbit trim maneuvers, the system was 
required to maintain the solar inertial attitude within 10 degrees. 

6.1.2 System Design 

The attitude control system was designed to satisfy the above requirements 
in an orbital environment which included gra^'ity gradient torques applied by the 
Earth’s gravitational field, aerodynamic torques, vent torques, and crew motion 
disturbances. Analysis showed that a gas reaction control system capable of 
meeting the design requirements for a 10-month period would require a prohibi- 
tive amount of propellant, so the momentum exchange system which was already 
designed into tho solar observatory was upgraded and adopted as the Saturn 
Workshop’s primary control system. This system required only electrical power 
for operation, and could meet the system design requirements for 10 months with 
a minimum weight requirement. 

This was the first manned spacecraft to use large momentum control gyros 
for attitude control, the first to manage control gyro momentum by maneuvering 
in the gravity gradient field, the first to use a digitally implemented control 
system with in-orbit reprograming capability, and the first to use an attitude 
reference based on a four-parameter calculation. A digital computer was pro- 
vided to perform the functions of attitude control, maneuvering, navigation 
and timing, momentum management, and redundancy management. A simplified block 
diagram of the attitude control system is presented in figure 6-2. Figure .6-3 
shows several elements of this system installed on the solar observatory. Sun 
sensors, a star tracker, and rate gyros provided the Saturn Workshop control sys- 
tem with position and angular rate information. A cold gas thruster system was 
provided for auxiliary use. 
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Figure 6-3.- Solar observatory in manufacture 
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Digital Computer *- The digital computer and i v,^face unit are mounted on 
the solar observatory structure (fig. 6-3). The digital computer maintains the 
attitude reference, performs navigation and timing computations, commands the 
control moment gyros and thrusters to maintain attitude or to maneuver as re- 
quired, manages the control gyro system momentum, manages the redundant system 
components, and provides system mode control, data handling, and ex: iTiment 
support. Computer redundancy was supplied by a backup digital computer. Com- 
puter memory or the actual computer program could be modified by ground command 
or by the crew, by means of the digital command system. 

Control Moment Gyros .- Three double- gimballed gyros are mounted orthog- 
onally on the solar observatory structure (fig. 6-3 and 6-4). They are oriented 
so that when all three are in the zero position their momentum vectors (spin 
axes) are parallel to the Saturn Workshop X, Y, and Z axes. Each contains a 
0.53 meter diameter, 65.8-kilogram wheel which is double-glmballed to provide 
two degrees of freedom within the limits of mechanical stops. Inner gimbal 
travel is limited to 160 degrees, while outer gimbal travel is 350 degrees. 

The wheels spin at about 9000 rpm and have angular momentum of 3000 N-m-sec. 

The digital computer commands the gimbals to drive at the required angular ve- 
locity with maximum rates set at 7 deg/sec. The gimbals move the momentum vec- 
tors, applying the desired torques to the Saturn Workshop. Any two of the three 
control moment gyros have sufficient mcmentum for control. Control moment gyro 
details are shown in figure 6-5. 




Figure 6-4.- Control moment gyro Figure 6-5.- Cutaway of control 

orientation. moment gyro wheel and inner gimbal. 

Rate Gyros .- Three groups of three rate gyros are mounted orthogonally on 
the solar observatory structure (fig. 6-3). Each rate gyro can operate in a fine 
mode "Aith a range of 0 to O."* deg/sec, or a coarse mode of from 0 to 1.0 deg/sec. 
The fine or coarse mode is commanded for all nine rate gyros simultaneously by 
the computer, depending on rates. Outputs are used by the computer to calculate 
velocity and position. Normally, any two rate gyros in each axis are paired, with 
the computer averaging their outputs for rate information, while the third is a 
spare. 
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Figure 6-6.- Acquisition Suj;l 
sensor optical assembly. 

provide an offset pointing capability 
The Sun sensor is designed to be com- 
pletely redundant with two independent 
systems operating at all times. 

Attitude in roll about the sun- 
line is measured by a star tracker 
mounted on the solar observatory 
structure (Fig. 6-3 and 6-7). It 
oriented so that the outer gimbal axis 
is parallel to the Z axis and is cap- 
able of operating in an automatic 
sear ch-t rack mode, in a manual track- 
ing mode, or in a shutter closed-hold 
mode. When the star tracker is track- 
ing a known reference star, the com- 
puter uses the outer gimbal position 
to calculate the position in roll 
about the sunline relative to the 
plane of the ecliptic. There is no 
redundant tracker . 


Sun Sensor and Star Tracker .- Atti- 
tude relative to the sunllne is measured 
during orbital day by a two-axis Sun sen- 
sor mounted on the solar observatory 
structure. The two Sun sensor optical 
assemblies (fig. 6-3 and 6-6) comprise 
two pitch and two yaw detectors plus a 
Sun presence detector. The pitch and 
yaw detectors are mounted in pairs with 
semicircular occulting baffles on oppo- 
site sides. When the detectors are fac- 
ing the Sun, the output signals cancel 
out, giving a null indication. When 
the detectors are tilted away from the 
sunline, the unbalanced output provides 
the magnitude and direction of the off- 
set error. The outputs are used by the 
computer to update its calculations of 
attxtude. The outputs may be biased to 
of up to 4 degrees from the sunline. 



Figure 6-7.- Star tracker. 


Thruster Control System .- This blowdown system, located on the workshop 
structure, as noted in figures 6-8 and 6-9, consists of six cold gas (nitrogen) 
thrusters and their associated control electronics and propellant storage 
spheres. Initiaj gas storage pressure is about 22 N/mm^. Gas pressure and thrust 
level decay as the nitrogen supply is depleted. The impulse of a single firing 
is kept constant at about 22 N-sec by lengthening the firing time as the thrust 
level decays. There are no backup thrusters; however, redundancy is provided ir 
control circuitry and valving. The system is used for attitude control after 
launch vehicle separation and before spinup of the control moment gyros. It 
also assists the control moment gyro system in controlling the attitude when 
control moment gyro momentum approaches saturation. In addition, should the 
attitude error exceed 20 degrees, the computer switches to thruster-only control 
and inhibits the control moment gyros. Thruster system control can also be com- 
manded by the crew or from the ground. 
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6*1*3 Operational Modes 


The attitade control system can operate in any one of several modes* These 
modes can be selected by the crewman at the so) at observatory control and display 
console or by ground control by means of the digital command system. The modes 
ara controlled by the flight program in the computer^ and include; 

a. Standby ^ This mode is used when no attitude control is required* In 
standby, the control moment gyro gimbal rate cotnmands are zeroed, and no thruster 
firing commands ate issued. The computer monitors the angular velocities and 
maintains the attitude reference calculations, 

b. Solar inertial - This is the 

^ normal mode of operation for the attitude 

J ^ control system. In this mode the Z axis 

u ^ 7 pointed toward the Sun and the X axis 

iMtid close to the orbital plar'e (fig, 6-1)* 

} V I ^ attitude is maintained by the control 

\ IS l moment gyro system with the thruster con- 

! trol system as a backup, and momentum man- 

; agement maneuvers are performed during the 

jr =1 |!Tl^ / ' night portion of each orbit* Ihe solar 

\ !i L: " / / ' observatory fine pointing conti-ol system 

iiH is not activated in this mode* 


yorh^hOP |ft ikivl 


turultffl 


Figure 6-8*- Thruster system 
component iucations* d< Attitude hold (control moment 

gyros) - In this mode the attitude is 
held inertially fixed or can be maneuvered to any desired attitude. The at- 
titude is maintained by the control ^ 
moment gyro system with the thruster 
control system as a backup. 


c. Solar observation mode - This 
mode is identical to the solar inertial 
mode except that the solar observatory 
fine pointing control system and the solar 
experiments are activated. 


e* Attitude hold (thruster con- 
trol system) - This mode is identical, 
to the previous mode except that the 
attitude is maintained by the thruster 
control system. 


f. Earth observation mode - This 
mode is used to point the Earth ob- 
servation experiments (fig- 6-t) * The 
-Z axis Is pointed toward the Earth 
along the local vertical and the X 
axis pointed along the velocity vector 
in the orbital plane* Rotation about 
the Y axis is at orbital rata. The 
attitude Is maintained by the control 
moment gyro system with the thruster Figure 6-9.- Thruster system 

control system as a backup. nitrogen bottles. 
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g. Rendezvous mode - This mode is identical to the Earth observation mode 
except that the workshop -X axis is pointed along the velocity vector in the 
orbital plane. This mode was desired for use during rendezvous with the command 
and service module but was never used because of the desire to conserve thruster 
propellant . 

The flight program in the computer maintains several parameters for the 
control system.. They are briefly described. 

Attitude Reference ,- The attitude reference is a four-parameter computation 
based on Euler’s rotational equations. The computation is used to calculate the 
attitude with respect to the attitude reference coerdinate system and the orien- 
tation of the attitude reference coordinate system with respect to the solar 
inertial coordinate system. Saturn Workshop angular velocities are used for the 
computation of the equations. Luring orbital day in the solar inertial and solar 
observation modes, the Sun sensor outputs are used for updates. Once per orbit, 
at midnight, information from the star tracker outer gimbal is al.-o used to up- 
date the computations. 

Navigation and Timing .- The flight program . nintains knowledge of the posi- 
tion in orbit relative to orbital midnight. It also calculates significant or- 
bital event times and determines day-night orbital phase and the time remain- 
ing in each phase. It computes t:he relationship of the orbit 1 plane to the 
equatorial plane, and the orientation of the Sun vector relative to the orbital 
plane. It also maintains mission time. All the computations assume a circular 
orbit and ignore the movement of the Earth about the Sun and the regression of 
the longitude of the orbital ascending node l tween orbital midnights. To com- 
pensate for the resulting drift, 11 navigation parameters can be updated by 
ground control by means of the digital command systex 

Attitude Control .- The flight program uses the computations to determine 
the attitude error. The rate gyro outputs are compared with the commanded rates 
to determine th rate error. The attitude and rate error sif^nals are combined, 
modified by the appropriate gains, passed through digital bending mode filters, 
and used to drive the control law logic circuits fer the control moment gyros. 

The control Jaw section uses the three commands from the bending mode filters 
and the orientation of the control moment gyro momentum vectors to generate the 
six control moment gyro gimbal steering and rotation commands. These commands 
are modified to minimize the possibility of driving the gimbals into the stops, 
and to keep the gimbal rates within limits. If control moment gyro momentum 
approaches satu’^ation, the flight program fires a single thruster to reduce the 
momentum in the axis most affected. Should the attitude error exceed 20 degrees 
in any axis, the flight program would switch control to the thruster control 
system, which would then reduce the attitude errors to zero. In thruster-caly 
control, the attitude and rate errors are combined, passed through digital bend- 
ing mode filters, and used to drive the thruster control system. The control 
law logic circuitry provides thru&tei firing commands to reduce rate and atti- 
tude errors to zero when the control deadbands are exceeded. Thruster pulse and 
full-on firings are generated by a weighted sum of position and rate errors. If 
this sum exceeds control law ledge limits, full-on firings are commanded. The 
commanded Saturn Workshop angular velocity is limited by limiting the attitude 
error used in the control equations. Figure 6-10 defines the phase plane of the 
thruster-only control law. 
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Maneuvers ." Two types of maneuvers could be performed, offset pointing and 
general purpose. Offset pointing maneuvers can only be performed in the solar 
inertial mode, are limited to +4 degrees about the X and Y axes, and are per- 
formed by biasing the Sun sensor error signal input to the computer by the 
desired amount to produce an attitude error. The system then reduces the atti- 
tude error to zero, which produces the desired offset. These maneuvers can be 
coTTinanded either by the crew at the c:>ntrol and display console, or by gruut*d 
control by means of the digital command system. General purpose maneuvers in- 
volve maneuvering to arbitrary tinje variant or inertial attitudes, and include 
Earth observation maneuvers, attitude hold maneuvers, and control moment gyro 
system momentum desaturation maneuvers. These maneuvers use a constant maneuver 
rate which is dependent on the desired maneuver angle and the predicted time to 
complete the maneuver. The control moment gyro control law logic is used in a 
rate-only mode to force the Saturn Workshop angular rotation axis to coincide 
f \cith the desired maneuver rotation axis. The maneuvering scheme specifies the 

desired attitude reference coordinate syotem position with respect to the solar 
inertial attitude, based on the maneuver commands. This position is constantly 
compared to the Saturn Workshop attitude to generate an instantaneous attitude 
error between the position and the desired position. A maneuver time is specified 
and decremented as the maneuver progresses. Rate commands are computed by divid- 
ing the attitude eriors by the remaining maneuver time. UTien the remaining maneu- 
ver tim*e reaches 60 seconds, time in th'^ computation is frozen at 60 seconds, 
which causes the rate commands to decrease gradually to zero. When the maneuver 
time runs out, the control law logic is switched back to using rate error plus 
attitude error, and any remaining position errors are reduced to zero. For Earth 
observation maneuvers, the attitude reference coordinate system is forced to ro- 
tate about the Y axis at orbital rate. After the Earth observation attitude is 
attained, the attitude reference coordinate system is tracked to maintain attitude. 

V 

Control moment gyro desaturation maneuvers are commanded by the momentum 
management subroutine in the. flight program. The basis for momentum excliange is 
the conservation of momentum. The total system momentum is made up of Saturn 
Workshop momentum plus control moment gyro momentum and is constrained so that the 
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change in Saturn Workshop momentum is zero. Any change in Saturn Workshop momen- 
tum caused by external torques, such as gravity gradient and ventings, is compen- 
sated for by an equal and opposite change in control moment gyro momentum. 

Gravity gradient and aerodynamic torques are cyclical, however, and therefore 
store up and release momentum, so their effects on the control moment gyros is 
slight. Any noncyclic external torques acting on the Saturn Workshop will cause 
a net control moment gyro momentum buildup. Because of the limited momentum 
storage capacity ot the control moment gyros, this momentum buildup will eventu- 
ally cause control moment gyro saturation and loss of attitude control about the 
axis of saturation. 

Several techniques are used to avoid momentum saturation and reduce momentum 
accumulation. The noncyclic gravity gradient torques are minimized by maintain- 
ing the axis of minimum moment of inertia (the X axis) in or near the orbital 
plane. The saturation effects of the remaining noncyclic disturbance torques 
are nullified by maneuvering to produce controlled gravity gradient bias torques 
during the night portion of each orbit that tend to desaturate the control moment 
gyro system. The flight program obtains information about gyro momentum accumu- 
lation by sampling the normalized components of the momentum four times during 
the day portion of each orbit. This information i> used to establish a momentum 
bias, a momentum drift, and a change in momentum d?lft. A weighted summation is 
then used to form body axis momentum commands. Thest momentum commands are used 
to develop three successive three-axis maneuvers which are performed during the 
night portion ot each orbit. These maneuvers produce controlled gravity gradient 
bias torques which tend to reduce the control momenc gyro momentum. The third 
maneuver also includes a Z-axis rotation wliich optimizes the position of the X 
axis relative tc the orbital plane for the next orbit. In addition, a single 
thruster is fired around the appropriate axis if momentum approaches saturation. 
If the gyros become saturated, they can be caged to the normal momentum configu- 
ration for the orbital position, and the thrusters fired to reduce the resulting 
vehicle rates to zero. 

Redundant Components Management .- Failures which could cause loss of 
thruster propellant, loss of attitude reference, or loss of control are detected 
and eliminated automatically by redundant component management in the computer. 
The components monitored include the control moment gyros, the rate gyros, the 
Sun sensors, and the digital computer. Tests are performed to verify that each 
component is functioning properly. When failures are detected, the failed com- 
ponent is removed from the system. This automatic capability is backed up by a 
manual component swit«-hing capability at the control and display panel. In 
addition, component switching can be commanded from the ground by means of the 
digital command system. 


6.1.4 Mission Performance 

First Unmanned Period .- At 19:07 Gmt on Day 1, near the end of the first 
orbit, spinup of the control moment gyros was begun and the digital computer en- 
tered the standby mode until control could be switched from the instrument unit’s 
flight control computer. The temperature of rate gyro Z1 was increasing, md at 
20:13 Gmt it went off scale high. At about the same time, the Y-axis rate gyro 
output began drifting at rates considerably greater than predicted. Attitude 
control transfeired from the instrument unit to the solar observatory system at 
about 22:20 Gmt. At this same time, control was switd'ied to the control moment 
gyro system- Three minutes later, the Z2 rate gyro temperature went off scale 





high. At 5:17 Gmt on Day 2, the ^ ud rate gyro (Y2) temperature went off scale 
high. Eventually, three more gyre making a total of six, became hot. 

The rate gyro outputs continued to drift at greater rates than predicted. 
During the first 24 hours of attitude control system operation, excessive drift 
was noted in all three X-axis rate gyros, two of the three Y-axis rate gyros, 
and two of the three Z-axis rate gyros. The high drift rates were compensated 
in the digital computer program by changes uplinked from the ground; however, 
the drift rates often changed suddenly. This caused difficulty until the new 
drift rates could ue measured and compensated. 

After the loss of the meteoroid shield during launch, there was considerable 
experimentat jon to find an attitude that would keep temperatures within the work- 
shop as low as possible, yet provide enough power to keep the Saturn Workshop 
operational. Finally, the docking adapter end of the Saturn Workshop was pitched 
45 degrees toward the Sun. This reduced the workshop heating and maintained an 
adequate power output from the solar panels. The X axis was kept in the orbiral 
plane to minimize control moment gyro momentum accumulation. This attitude was 
called the thermal attitude. In the thermal attitude, there was no way to up- 
date the digital computer attitude reference. As a result the rate gyro drift 
frequently caused the Saturn Workshop to drift out of the thermal attitude. 

Ground control monitored solar panel output and control moment gyro momentum to 
maintain knowledge of the Saturn Workshop's attitude, and sent commands when 
necessary to maneuver it back to the thermal attitude. 

During the thermal attitude hold period, the many attitude control maneuvers 
caused a heavy expenditure of thruster propellant. Each maneuver had to be 
planned carefully to minimize use of the thrusters. The momentum management 
scheme, since it was designed to operate only in the solar inertial attitude, 
could not be used. Momentum management worked normally on one occasion during a 
temporary return to the solar inertial orientation on Day 2. 

The only means used to desaturate the control moment gyros in this period 
was the reset routxne. Because the reset routine caged the gyros to the speci- 
fied momentum value for solar inertial attitude, resets could only be commanded 
at orbital points where solar inertial and thermal attitude normal momentum 
curves intersected. In addition, adequate ground station coverage was required 
for these points. Rate gyro drift caused movement of the X axis out of the orbit 
plane, and the resulting momentum bias caused frequent control moment gyro satu- 
rations and frequent resets, with the consequent high use of thruster propellant. 

First Manned Period .- For rendezvous, the Saturn Workshop did not maneuver 
as planned to the rendezvous attitude, but remained in the required thermal atti- 
tude. High thruster gas usage continued as frequent control moment gyro resets 
occurred. Additional high gas usage was required when the crew in the drifting 
command module attempted to free the partially deployed solar array while the 
attitude control system was in the thruster-only control mode. Several unsuc- 
cessful docking attempts before hard dock was achieved also caused thruster 
firings. After the parasol thermal shield was» deployed, the Saturn WorVshop 
maneuvered to the solar inertial attitude and normal attitude control began. 
Thereafter, thruster use was low and usually resulted from maneuvers to other 
attitudes or significant venting. 

Because of the early mission problems and the thermal extremes experienced 
by the vehicle, a manual switchover to the secondary computer system was per- 
formed on Day 27. This was a test to verify that the redundant capability of 
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the computer subsystem was functional. The crew selected the secondary computer 
and enabled automatic switchover. The secondary computer system turned ou and 
began operating properly. During the next 2 days, the program was updated to 
the level of the primary computer by uplinking three program patches necessary 
to compensate for the continual rate gyro anomalies and the vehicle mass change 
caused by loss of solar array wing 2 and the meteoroid shield. 

On several occasions during the first manned period the star tracker 
erroneously locked onto objects other than the required star* A procedure was 
formulated which avoided these situations, and thus alleviated the problem. 

Second Unmanned Period .- During the second unmanned period, the time of 
the desaturation maneuver was decreased by about 20 percent to prevent extending 
these maneuvers into the daylighc portion of the orbit. This precaution was 
necessary to protect an experiment whose aperture door was failing to operate 
automatically. Before the second manned period the desaturation time was In- 
creased to normal and remained so for the rest of the mission. 

The Y3 and Z1 rate gyros produced extremely noisy outputs because of high 
temperature and were turned off on Day 59. Others continued to drift with rates 
as high as 18 deg/hr, two orders of magnitude greater than specified. The ini- 
tially observed drifts were successfully compensated with biases uplinked to the 
digital computer. As time passed in the mission, the magnitudes of required 
bias corrections lessened* During this period investigations to determine the 
cause of high drifts were completed. A crash program began to prepare a package 
of supplementary rate gyros that could be used should additional failures 
threaten to cause mission teriLlnation. 

No thrusters were used during the second unmanned period sxnce the atti- 
tude control system performed normally with tne vehicle in the solar inertial 
attitude. 

Second Manned Period .- On Day 76 the second crew rendezvoused with the 
Saturn Workshop and began a flyaround inspection. Because of reaction control jet 
impingement on the parasol thermal shield, the flyaround was ended earlier than 
planned. The impingement forces also caused increased use of the Saturn Work- 
shop's thrusters. The command and service module docked to the Saturn Workshop 
with the attitude control system in the attitude-hold, thrusters-only mode. 

On Day 79 the star tracker shutter failed to close when desaturation maneu- 
vers began. The crew also tried unsuccessfully to close the shutter using manual 
control. The same shutter problem recurred later* In all cases, the shutter 
would close correctly after several hours. A protective procedure was developed 
to prevent permanent damage to the star tracker photomultiplier by exposure to 
reflected light from the Earth or the Sun while the shutter was open. This pro- 
cedure included parking the tracker so that it looked at the dark, rear surface 
of the solar arrays. 

During a normal desaturation maneuver on Day 91 certain events occurred that 
resulted in loss of attitude control and considerable thruster gas usage. After 
% an automatic Z-axis redundancy management test failed, additional momentum was 

^ commanded to bring the controlling rate gyro co the required rate. The additional 

momentum requirement forced the contro] moment gyro into saturation and siphoned 
momentum from the X axis at the same time. The X-axis momentum change produced 
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an uncontrolled rate and resulted in a 20-degree attitude error buildup in the X 
axis vhich caused a high rate alarm and an automatic switch to thruster-only 
control. During this period, the crew noted that panel meters indicated that 
control moment gyros 1 and 3 were on a stop. The gimbals were actually caged. 
During B later test, the false reading problem was observed only on the control 
moment gyro 1 measurement. 

Because of the continuing rate gyro problems, one of the foremost concerns 
was the installation of the six supplementary rate gyros that were provided for 
contingency. The crew mounted the "six pack" in the cocking adapter, and on D.iy 
103 performed an extravehicular activity to complete the installation by making 
the cable connections to the solar observatory. Since the rate gyros are essen- 
tial to the attitude control system, no attitude control was possible during the 
cable switching period. The command and service module was not used for control 
because of problems in its reaction control system. The following procedure was 
developed to allow the vehicle to drift during the switching of the gyros: 

a. In thruster-only mode, drive the gyros to normal momentum cage. 

b. Change to gyro control to allow attitude errors in the thruster dead- 
band to be brought to zero. 

c. Change to standby mode for free drift, but return the gyros to normal 
momentum cage, which provides approximate compensation for gravity gradient 
torques. 

d. Perform wiring changes. 

e. Return to gyro control and reacquire solar inertial attitude. 

The supplementary rate gyros were installed in the system and operated satis- 
factorily. 

On Day 106 calibration ma.*cuvers were made to establish supplementary gyro 
alignment to vehicle axes. Maneivars of approximately 5 degrees were made about 
each axis while the control system data were collected by ground support. Analy- 
sis of the data by the mission support team showed the misalignment was very 
small and no compensation in the flight program was required. On Day 119 a ve- 
hicle stability test using solar observatory data verified that stability was 
within bounds acceptable for future viewing of the Comet Kohoutek. 

On Day 130 a maneuver was made to point the solar observatory at a star for 
X-ray photography. The maneuver was successful and used minimum thruster gas. 

The maneuver technique was later used extensively in the Comet Kohoutek studies. 

Third Unmanned Period .- Between the second and third manned periods the 
attitude control system performed very well, with no thruster firings. 

Utird Manned Period .- On Day 190, the crew modified the lower body nega- 
tive pressure vent so that it vented into the waste tank instead of directly 
overboard. This decreased the disturbance torque which the venting caused. 

Control moment gyro 1 failed between tracking stations on Day 194 at approxi- 
mately 8:15 Gmt. At the preceding tracking station (Honeysuckle), control moment 
gyro 1 phase A current was observed to Increase by 65 milliamperes, bearing 1 
tenq>erature Increased 5®C, and wheel speed decreased 120 rpm. At acquisition of 
signal at Bermuda (8:42 Gmt), the phase A current was 2.06 amperes, bearing 1 
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teicperature was 82**C, and wheel speed was indicating 0 rpm. A speed of approxl- 
•nately 3800 rpm was Inferred from the wheel currents. Beginning at 8:50 Gmt, 
the control moment gyro 1 brake was applied for 7 minutes and control switched to 
the two-control-moment-gyro mode. 

The failure of control moment gyro 1 caused an Increase in thruster propel- 
lant use and a curtailment of maneuvering until a program could be evolved using 
the computer two-gyro control law program. Subsequent procedures enabled full 
operation of mission objective^ and minimized thruster use. 

Additional maneuvers were made to support the extensive study of Comet 
Kohoutek during this period. The attitude control system maneuvered Skylab to 
aim the solar observatory at Mercury to verify Instrument capability and maneu- 
ver accuracy. TWo extravehicular activities were performed for photography of 
Comet Kohoutek. 

The star tracker failed on Day 228. Telemetry data were analyzed and lab- 
oratory tests made to duplicate the failure. Operation of the star tracker was 
stopped, so the Z-axls update capability was lost. Alternate techniques to 
calculate the vehicle roll reference were begun on the ground. 

Tesij and Orbital Storage .- After the third crew departed, the following 
engineering tests were performed on the attitude control subsystems that had 
experienced problems and on redundant hardware or capabilities that had not 
been used during the mission: 

a. Control looment gyro 1 attempted splnup - Power was applied to the wheel 
motor for 8.5 hours. No wheel spin was detected. 

b. Rate gyro power up - All rate gyros were turned on and those «dilch 

had exhibited erratic outputs or offscale temperatures were observed. Operation 
was not significantly different from that observed previously. 

c. Digital computer reprogram - The computer was successfully reprogramed 
twice, once using the digital command system and once using the memory load unit. 

The procedures for the memory load test included a switchover to the primary 
computer and loading a selected program from the onboard recorder while over the 
Goldstone ground station. The proper commands were sent, and telemetry verified 
that the desired program had been loaded into the computer. 

The test of using the digital command system for memory loading was more 
complex, requiring two passes over Hawaii to complete the process. On the first 
pass, a command to execute the load was sent to the computer at 16:08 Gmt. As 
the Saturn Workshop passed over Vanguard, telemetry verified proper response to 
the riavrall command. At the next acquisition of signal by Hawaii, at approximately 
17:00 Gnt, the ground tape recording of the computer program was started, trans- 
mitting the data to the computer. Telemetry verified that the 16,384-word load 
was successfully completed 11 seconds later. This marked the first time that an 
inflight computer had been loaded using a radiofrequency uplink. 

On Day 272 Skylab was maneuvered to a stable gravity gradient attitude with 
the docking adapter pointed away from the Earth. The attitude control system was 
turned off at 20:00 Gmt on Day 272. 
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6.1.5 System Perfoimance 

Dynamic Stability .- The dynaad.c behavior of the attitude error as the solar 
Inertial attitude was acquired for the first time using control moment gyros (on 
Day 2 at 11:48 Omt) is shown in figure 6-11. During an unmanned, quiescent period 
on Day 2, observed pointing accuracies in all axes were 0.4 arc-mln with an un- 
certainty of 0.4 arc-mln. Stability for 15-mlnute intervals was also 0.4 ^.4 
arc-min. Jitter was observed to be about 0.4 arc-min/sec. During a manned, 
quiescent period on Day 14, the pointing accuracies observed were as good as 
they were in the unxanned period, but the stability and jitter errors increased 
slightly. Worst stability was 1.4 arc-min, and worst Jitter was 1.2 arc-min/sec. 
This performance observed early in the mission was well within system performance 
requirements. 
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Figure 6-11.- Attitude error during initial solar Inertial 

attitude acquisition with control moment gyros. 

Special Maneuvers .- The first week of almost constant maneuvering in the 
thermal attitude gave confidence in the vehicle maneuvering capability. After 
the Installation of the thermal shield and the reacquisition of solar inertial 
attitude, a wide variety of attitude hold maneuvers were performed. These maneu- 
vers were for rate gyro calibration. Comet Kohoutek observation, and X-ray stellar 
photography. 

The first rate gyro calibration maneuvers were performed to check the scale 
factor of the rate gyros with respect to each other and with respect to the 
acquisition Sun sensor. After the installation of the six supplementary gyros, 
a second set of maneuvers was performed to check tho.lr alignments to vehicle 
axes. The maneuvers showed this alignment to be accurate enough that no addi- 
tional computer compensation was required. * 
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The study of the Comet Kohoutek was an unplanned opportunity requiring the 
development of ground software and flight procedures. In order to verify instru- 
ment capability and the accuracy of maneuvering to a bright target, a maneuver 
to point the solar telescopes at the planet Mercury was performed. The success 
of the maneuver led to the planning of a variety of maneuvers to investigate the 
Comet Kohoutek. Three types of maneuvers were required for Comet Kohoutek ex- 
periments. The first, consisting of a roll about the X principal axis, was for 
the purpose of observing Comet Kohoutek with experiment instruments viewing 
through an articulated mirror system located in the scientific airlock. As 
these maneuvers were about the X axis, there were usually no problems with 
thruster usage or gimbal stop problems. The only problems occurred with gimbal 
stops during two-gyro control fo * some of the largest maneuvers. The second 
type of maneuver pointed the solar telescopes at the Comet Kohoutek and main- 
tained the X axis in the orbit plant. As these maneuvers required vehicle rates 
about both Y and Z axes as well as the X axis, they generally required extensive 
optimization in terms of maneuver rates, maneuver start and scop times, and 
momentum biases during two-gyro control to minimize thruster use. The third 
type of maneuver, used only during cr^ravehicular activity, involved a rotation 
about the X axis to have the solar panel. ^ shade a camera held by a crewman. 

Maneuvers for X-ray stellar photography, from the attitude system point of 
view, were similar to Comet Kohoutek maneuvers in that the solar observatory was 
pointed at a celestial reference and the X axis was maintained in the orbital 
plane. As the X-ray equipment had no independent sensor to help determine 
whether the target was within the field of view, which was only 6 arc-min, 
several maneuvers produced no data. This was the only case of insufficient 
maneuver accuracy. Target acquisition would have been possible with the Saturn 
Workshop's maneuvering capability if the crew had been provided with target de- 
tection capability. 

E arth Observation Maneuvers .- In the mode used for Earth observation an 
orbital rate of approximately 0.064 deg/sec is present on the vehicle Y axis. 
Maneuver bias capability allows the maintenance of an arbitrary vehicle axis 
perpendicular to the local vertical. This capability was designed primarily 
for rendezvous, b?’t was not used after rendezvous when the solar inertial mode 
proved feasible. It was used for Earth observation offset biasing with two 
control moment gyros and for insertion into the gravity gradient attitude at the 
end of the mission. Earth observation experiments were limited to solar eleva- 
tions in the 0 to 60 degrees range to conserve thruster propellants and elec- 
trical power. 

During the mission, it became apparent that Earth observation experiment 
performance constraints could be met by a variety of maneuvers and provide mini- 
mum thruster use with no thruster use or resets during data-gatherlng time. The 
parameters that could be varied included time and rate to maneuver in and out of 
the Earth observation attitude and control moment gyro momentum bias. 

Earth observation passes were performed (if the solar elevation angle was 
less than 60 degrees) for data-gatherlng during the daylight portion of the 
orbit. After the loss of control moment gyro 1, the first Earth observations 
under two-gyro control required high thruster usage. This led to the technique 
of ncon-to-noon Earth observations, possible when collecting data through orbital 
noon was not required. The advantage of noon-to-noon passe is that large maneu- 
vers about the vehicle Y axis (large inertia axis) are not required during the 
maneuver to Z local vertical when the entry was at orbital noon. 
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The maneuver about the X axis to place the Z axis in the orbital plane is 
much less demanding from the momentum saturation aspect, bec^iuse the X-axis 
inertia is much less than the Y- or Z-axis inertias. However, because of the 
misalignment of the principal X axis from the vehicle X axis, c. Y-axis momentum 
bias was generated. This led to the technique of using the biased Z local 
vertical maneuver to maintain the X axi'^ perpendicular to the vertical for the 
portion of the noon-to-noon Earth observations when data were not taken and 
maneuvering the Z axis to the vertical for collecting data. This tended to 
minimize momentum accumulation. 

The prelaunch requirements had not allowed noon-to-noon Earth observations. 
However, power management procedures were developed to minimize the workshop 
power requirements. Thus, despite the loss of the solar array wing, power proved 
adequate for noon-to-noon Earth observations. 

All Earth observation passes during the first two manned periods were made 
using three-gyro control, while all those during the third manned period were 
under two-gyro control. Excluding three Earth observation passes in which proce- 
dural problems occurred, the following comparison can be made. Forty-eight Earth 
observation passes were made under three-gyro control using a total of 1549 N-sec 
of Impulse. Thirty-six were made under two-gyro control using 12,300 N-sec. 
Therefore, Earth obser\»^ation passes performed under three-gyro control used an 
average of approximately 31 N-sec impulse, while those performed under two-gyro 
control used an average of 338 N-sec. Had the noon-to-noon maneuver not been 
used, thruster use under two-gyro control would have been much higher. There 
were 102 Earth observation passes scheduled during the Skylab mission, of which 
93 were flown. 

Desaturation Maneuvers .- The Saturn Workshop was the first space vehicle to 
use maneuvers for momentum desaturation, and these worked extremely well. The 
desaturation scheme allowed two unmanned periods without any thruster use and 
saved a considerable amount of thruster gas during the manned periods. 

One problem arose from the interface of the desaturation scheme and the star 
tracker, which gave a direct indication of the angle of the X axis to the orbit 
plane. When the tracker performed normally, this angle provided useful informa- 
tion for the momentum management scheme. However, the star tracker erroneously 
locked onto objects other than the required star on several occasions during the 
first manned period. This caused the outer gimbal angle input to be inaccurate. 

On one occasion the erroiieous inputs were received just before calculation of the 
momentum desaturation maneuvers. This caused the momentum management scheme to 
produce less-than-optimum momentum states. To avoid these situations, star 
tracker control and outer gimbal use were inhibited, the desired star tracker 
gimbal angles were calculated by ground support software, the star tracker was 
manually positioned on the star by the crew at the control and display console, 
and computer star tracker control and outer gimbal use were resumed. This al- 
lowed a valid outer gimbal reading to be obtained, after which star tracker con- 
trol and outer gimbal use were inhibited again. This procedure alleviated the 
problem with the star tracker readings. This time-cons^ ling procedure to work 
around star tracker false lock-on could have been avoided by having the attitude 
about the sunline determined from momentum samples. While this information is not 
as accurate as that obtained from the star tracker, it is sufficiently accurate 
for momentum management and is independent of star availability or crew presence. 


1 ^ 


6-17 


During the second unmanned period, the desaturation maneuver time was de- 
creased to ensure that the desaturation maneuvers would be completed at night* 

This was done to protect an experiment with a failed door. Momentum management 
functioned well even though this smaller interval caused larger maneuver angles. 
The desaturation jianeuver time was increased to normal at the start of the second 
manned period and remained so for the rest of the mission. 

On two occasions, certain events that occurred during or just before initia- 
tion of gravity gradient desaturation resulted in loss of attitude control. Since 
the losses of control occurred during the active p»#rtion of the gravity gradient 
maneuvers, they were referred to as gravity gradient desaturation problems. The 
first loss of control occurred after a Z-axis rate gyro discompare was detected 
during the desaturation maneuver. The second loss of control resulted from action 
taken because of unexpected venting torques during an extravehicular activity. A 
significant condition existed during both instances of control moment gyro satu- 
ration. Once the system becomes saturated, the control law attempts to align the 
total momentum vector along the torque command vector. Also, because of propor- 
tional scaling, any additional torque requirement in the axis of the largest 
command will reduce the command in the other axes, altering the direction of the 
torque command vector. Momentum will, therefore, change in all axes because of 
the momentiun vector's swinging to realign with the torque command vector. Tlie X 
axis is the most sensitive axis co this phenomenon because of the lower control 
gains, smaller moment of inertia, and less momentum at rate limit despite the 
larger rate caused by the desire to prevent rate gyro scale switching. This 
condition is referred to as the X-axis momentum siphon effect. The relative 
differ .“nee in the momentum change among the three axes is small, but because of 
the small amount of inertia in the X axis, the vehicle rate about X is an order 
of magnitude greater than about the Y and 2 axes. 

Skylab proved the feasibility and desirability of using momentum control 
gyros. Control concepts worked as designed both for stabilization and maneuver- 
ing. The absence of outer gimbal stops would have simplified the software and 
prevented periods of attitude excursion. Greater gyro momentum, especially dur- 
ing two-gyro control, would have allowed less thruster propellant consumption. 

Tlie outer gimbal drive and modified outer gimbal drive were designed to prevent 
a gyro from driving into an outer gimbal stop during maneuvers. They were pri- 
marily used in two-gyro operation and functioned well. Several times in the 
mission the additional availability of an outer gimbal drive logic at the end of 
a maneuver in the presence of large attitude errors would also have been desir- 
able to prevent a switch to the thrusters-only mode. 

The gimbal angle reset routine was developed specifically for the purpose 
of recovering from ^imbal-on-stop situations and was automatically jnitiated in 
the flight program when this problem occurred. During the mission, this recovery 
capability was proved workable and essential to the control. It was automati- 
cally initiated several times during the mission. 

The use of thrusters for momentum desaturation v/orked as designed, as did 
the reset routine. However, the relatively large rate deadband of 0.02 deg/sec 
in the X and Z axes and 0.01 deg/sec in the Y axis for the reic.ise to gyro con- 
trol after a reset represented a momentum bias per axis of up to 1000 N-m-sec. 

The removal of these rates could again produce an undesirable momentum state. 
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Redundancy Management .- The automatic redundancy management scheme in the 
digital computer worked satisfactorily throughout the mission. Excessive rate 
gyro drift and scale factor errors occurred during the first 103 days. These 
were detected and corrected by reconfiguration of the rate gyro combinations used 
for control. No other significant failures occurred except the control moment 
gyro 1 failure, which was not detected by the redundancy management scheme because 
the test limits were not exceeded. 

All the critical hardware components served by the computer and interface 
unit error detection program performed acceptably during the mission, so the 
computer automatic switchover capability was not used. The manual switchover 
capability was exercised twice during the mission, once on Day 27 to demonstrate 
the functional integrity of the backup computer system and again on the last day 
of the mission as part of a test which loaded the compurer program by means of 
the memory loading unit. 

Manual redundancy management was used extensively throughout the mission. 

The rate gyros w^ere reconfigured many times because of high drift rates. The 
control moment gyro 1 wheel was turned off because of a bearing failure. A 
switch to the secondary computer was performed to verify that two computers were 
operational. The primary acquisition Sun sensor was turned off in support of a 
Comet Kohoutek experiment. No problems were encountered in manual redundancy 
switching. 

Thruster Attitude Control .- The thruster attitude control system was pres- 
surized for flight to 20.8 N/mm^ 2 weeks before launch. Approximately 647 kilo- 
grams of ambient temperature nitrogen gas was loaded. The system was activated 
9 minutes after liftoff of the Saturn Workshop launch vehicle, at which time 
firing commands were received from the instrument unit. Thruster control was 
transferred to the digital computer 2 hours and -0 minutes later. The thruster 
system was used as a backup for the attitude control moment gyro system for the 
duration of the mission. 

Large gas consumption on Days 1 and 2 resulted from removal of orbit inser- 
tion transients and operation in a thruster-system- only mode until control was 
transferred to the control moment gyros. The total impulse usage rate remained 
high because the system was required to perform frequent control moment gyro re- 
sets while holding the thermal attitude. As thrust decreased, the digital com- 
puter command pulse width was increased to compensate so that the minimum impulse 
would remain fairly constant at approximately 22 N-sec. This minimiun impulse 
value was maintained throughout the mission except at first on Day 1 when system 
pressure was high and for a brief period on Day 3 when the pulse width was 
changed from 50 to 80 milliseconds, which changed the impulse from 27 to 37 N-sec. 
This made system gain higher than desired, so the pulse width was returned to 50 
milliseconds for several days. 

At launch, the Saturn Workshop was loaded with 374,000 N-sec of impulse 
capability, and the predicted normal usage was 162,000 N-sec. The actual usage 
was 338,000 N-sec. Figure 6-12 shows the usage history. Maintaining the thermal 
attitude required high thruster gas usage. A large portion of the thruster fuel 
was used during such abnormal situations. Usage was also higher than expected 
during extravehicular activity because suit ventings caused more torque on the 
vehicle than predicted. The deflector was removed from the pressure control unit 
on subsequent extravehicular activities to minimize the venting torques. Normal 
usage was consistent with preflight predictions. 
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During the third manned period, thruster use rose after the failure of con- 
trol moment gyro 1. Decreased momentum storage capability, coupled with increased 
maneuver requirements, especially for Comet Kohoutek observation, placed an added 
burden on the thruster budget. Mission planners had to minimize the use of thrus- 
ters while maintaining full experiment operation. The most significant conserva- 
tion technique proved to be the noon-to-noon Earth observation maneuver. 

Several computer simulations were used to predict thruster use requirements 
I to aid mission planning. The simulation identified situations that would cause 

excessive firings and then verified propellant-saving alternatives. By providing 
accurate and realistic predictions, the simulations were invaluable for planning 
so that mission objectives could be met and even exceeded. 
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6.2 SOLAR OBSERVATORY FINE POINTING 

The experiments mounted in the solar observatory require extremely accurate 
and stable pointing control. In addition, the observatory must be rolled about 
the sunline so that the various experiment optical slits will be in proper posi- 
cion. The requirements are offset pointing from the sunline of +24 arc-min with 
an accuracy of +2.5 arc-sec, a stability of +2.5 arc-sec for a 15-mlnute period, 
and a jitter of 1 arc-sec/sec, and roll about the sunline of +120 degrees with 
an accuracy of +10 arc-min, a stability of +7.5 arc-min for a 15-minute period, 
and a jitter of 3 arc-min for a 1-second period. 

6.2,1 System Description 

The solar experiments are mounted on a cruciform spar, enclosed by a tubular 
canister, and located within the basic structure of the solar observatory. The 
canister is attached to the structure by a three-degree~of-freedom gimbal mech- 
anism-actuator assembly (fig. 6-13) . The outer ring of this assembly is attached 



to the solar observatory structure by four roller bearings, and is driven by an 
electric motor to roll the canister. The inner ring is attached to the outer ring 
by two frictionless flex-pivot bearings with +2 degrees freedom and is driven 
about the up-down axis by redundant actuators. The canister is attached to the 
inner ring by two frictionless flex-pivot bearings with +2 degrees freedom and is 
driven about the left-right axis by redundant actuators. Orbital locks constrain 
the rings and the canister while the solar observatory is not being used. A roll 
stop limits the roll to +120 degrees, to avoid damage to electrical cables. Launch 
locks protect the assembly from damage during launch. A roll resolver provides 
experiment roll position information to the digital computer. 




Figure 6-14 is a diagram of the solar observatory fine pointing control 
system. Redundant fine Sun sensors are mounted on the spar to provide up-down 
and left-right error signals proportional to the angular displacement from the 



Figure 6-14.- Solar observatory fine pointing control syster.:. 

sunline, for pointing the spar at the center of the solar disk (fig. 6-15). 
Rotatable optical wedges are installed on the front of each fine Sun sensor 
optical channel to provide an offset pointing capability. Wedge position is 
transmitted to the control and display panel and the digital computer to provide 
experiment offset pointing information. Maneuver error infc rmation is transmit- 
ted from the fine Sun sensor to the experiment pointing electronics. Redundant 
rate gyros mounted on the up-down and left-right axes of the spar provide angu- 
lar rate information. 

The experiment pointing electronics assembly is an analog device with six 
primary channels and six redundant channels (fig. 6-16). It provides control 
commands tor the up-down, left-right, and roll Sun sensor wedges and orbital locks. 
It interfaces with the solar observatory control and display panel, the digital 
compuLet for commands, and the telemetry data system. The digital computer pro- 
vides commands to activate the solar observ'atory fine pointing control system at 
sunrise of each orbit, and to deactivate it at sunset. It commands the fine Sun 
sensor wedges for offset pointing of the experiments and maintains the wedge posi- 
tions and the spar roll position for experiment data correlation. The computer 
also keeps the experiment telescopes pointed at a specific point on the solar 
disk while the canister is being driven in roll. This is done by commanding the 
fine Sun sensor wedges. 
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Figure 6-15 Fine Sun sensor optical mechanical assembly. 
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The solar observatory console provides means for manual control in addition 
to the automatic and ground control. The v^onsole also contains switches and 
status indicators which allow the selection of any combination of primary and 
secondary fine Sun sensors, rate gyros, experiment pointing channels, and or- 
bital locks. 


6.2.2 System Operation 

Use of the solar observatory fii pointing control system was limited to the 
daylight portion of each orbit. The Saturn Workshop had to be in the solar in- 
ertial attitude with the computer in the solar observation mode. During the 
night portion of each orbit the fine pointing control system was powered but in- 
active. At true sunrise, the computer opened the fine Sun sensor protective 
door. At effective sunrise (when the Sun was above the atmosphere), the com- 
puter released the fine Sun sensor offset pointing wedges^ and commanded the 
controller. The controller then uncaged the canister by disengaging the orbital 
locks, and began commanding the up-down and left-right actuators. At this point, 
the system was ready for use by the crew. At effective orbital sunset, the com- 
puter inhibited control of the fine Sun sensor wedges and commanded the experi- 
ment pointing controller. At true orbital sunset, the computer closed the fine 
Sun sensor door. 

During solar observation operations, the crewmen were able to n»ove about and 
perform other duties, since disturbances were isolated by the fine pointing con- 
trol system. After the first manned period it was possible to perform some ex- 
periments by ground control. During the manned periods calibrations were made to 
determine the fine Sun sensor wedge angles necessary to point each of four of the 
solar experiment telescopes at the center of the Sun. The calibrated wedge angles 
were retained by the computer- The fine pointing control was used exclusively 
during the manned periods. Preliminary examination of solar data indicated that 
the system performed very well. The crew also reported that the system performed 
well and that manual pointing to within 1 arc-sec was possible with no perceptible 
drift. 

Some problems were encountered with the system. The most serious of these 
was a failure of the canister primary up-down rate gyro. This failure occurred 
during unmanned operations on Day 64 while the Saturn Workshop was out of contact 
with a ground station. The canister began to oscillate about the up-down axis, 
and oscillated until the actuators overheated and seized. Shortly thereafter, 
the system was turned off. Three days later, after extensive analysis, the sec- 
ondary up-down rate gyro was selected and the system was turned back on. No 
further problems were encountered with the up-down actuator. Because of this 
problem and the several attitude control system rate gyro failures which had 
occurred, a derived rate conditioner was developed and carried into orbit by the 
next crew. The derived rate conditioner was designed to use the fine Sun sensor 
output to develop canister rate information for uhe experiment pointing control- 
ler, and was to be installed in the event the second canister up-down rate gyro 
failed. It was never used. 

Early in the first manned period the crew reported problems with the fine 
Sun sensor wedge position indicators. These problems were caused by a timing 
error in the computer which caused it to open the fine Sun sensor protective doors 
before orbital sunrise. The problem was corrected by updating the navigation 
parameters in the computer, and by the crew zeroing the fine Sun sensor wedge 
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posl’^ion at the start of each orbital day. It was also noticed during this period 
that rolling the canister at the maximum rate (7 deg/sec) disturbed the entire 
vehicle. Maximum roll rate was not used thereafter. 

On Day 185, during unmanned pointing operations, the up-down orbital lock 
failed to disengage at orbital sunrise, and the system was commanded off. After 
analysis, the secondary controller was turned on and the solar observation mode 
was commanded. The orbital locks disengaged normally. This problem occurred 
a second time on Day 201, with the same results. A detailed analysis showed 
that the problem was probably caused by intermittent mechanical binding of the 
primary orbital lock mechanism because of contamination. The problem did not 
recur. 


6.3 anomalies 
6.3.1 Rate Gyros 

Two types of problems were experienced with the rate gyros during the mis- 
sion: excessive drift and overheating. Analysis indicated that the high drift 

rates were caused by gas bubbles that formed in the gyro flotation fluid when 
the float chamber bellows was exposed to hard vacuum. This problem had been 
seen during thermal vacuum testing and was judged an acceptable risk because 
the high drift rates could be compensated in the software. The six supplemen- 
tary rate gyros were modified to protect the float chamber bellows from the 
vacuum of space. 

At 20:34 Gmt on Day 1 the first rate gyro temperature went off scale high. 
Eventually, a total of six rate gyros, X2, Y2, Y3, Zl, Z2, and the canister pri- 
mary up-down, showed off scale high temperatures. All of the hot rate gyros pro- 
duced very noisy signals, and eventually the Y3 and Zl rate gyros began oscilla- 
ting and were shut down. The primary up-down rate gyro on the experiment spar 
had similar symptoms and then failed on Day 64. 

There was concern that as the rate gyros grew hotter and the float fluid 
viscosity decreased, they would become unstable. This apparently occurred with 
the Zl and Y3 rate gyros. The hot rate gyros showed a change in scale factor. 

It was concluded that a transistor in the rate gyro heater circuit was failing 
in the on state. 

The fabrication and installation of the six supplementary rate gyros 
greatly reduced the chance that the mission would be terminated because of 
three rate gyro failures in one axis. The original plan was to use the two 
supplementary rate gyros in each axis for control with the selected origins! 
rate gyro as a spare, but because of a single failure point which existed in 
the supplementary gyro power source, the remainder of the mission was flown 
with one supplementary gyro and the selected original gyro for each axis in 
control. 

After supplementary gyro installation, rate gyros were no longer a problem, 
but the system did not have connections for 12 samples per second telemetry of 
the supplementary gyro outputs. The outputs were available on telemetry at one 
san^ile every 2.5 seconds. A second difficulty with the system was that supple- 
mentary rate gyro temperature measurements were not available on telemetry. As a 
result, the crew was required to monitor these temperatures periodically. 
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6.3.2 Control Moment Gyros 

The failure of control moment gyro 1 on Day 194 was characterized by a 
rise in the wheel spin bearing temperature from a normal 21*C to a point just 
under the automatic shutdown temperature of 90^C, a decrease in trheel speed 
accompanied by an Increase in wheel spin motor current, and failure of the 
wheel speed pickoff. The failure occurred while Sky lab was between tracking 
stations and was first observed by the Bermuda tracking station. The bearing 
teo^>erature at that time was 83.2*C and decreasing. The «dieel speed was e.'^ti- 
mated from spin motor current to be about 3800 rpm, down from 9060 rpm before 
the failure. The failure was not detected by the redundancy management scheme, 
since the bearing temperature did not exceed the automatic shutdown temperature 
of 90”C. The spin bearing temperature did exceed the caution level of 74”C, 
and the caution was set. The caution indication was not seen by the crew, who 
were asleep. Shortly after detecr.lng the failure %d)ile the vehicle was over 
Bermuda, ground control removed power from the wheel spin motor and applied the 
brake for 7 minutes. This 'probably did not slow the wheel appreciably. The com- 
puter switched to two-gyro control. 

Preliminary analyses 'indicate Che fail'tre was caused by insufficient lubri- 
cation. The failure appeared Co be progressive, with indications of bearing 
distress as early as Day 174. At Che time, these indications were not considered 
significant. Control moment g 3 rro 2 also had similar indications later, but did 
not fail. Unfortunately, the telemetered data were not sufficient to show all 
symptoms of bearing distress. Special temperature control and load reduction 
aided gyro 2 in completing Che mission. 

6.3.3 Star Tracker 

Four major problems were encountered with the star tracker: tracking of 

contaminants, Che shutter's sticking, photomultiplier Cube degradation, and outer 
gimbal encoder failure. Workarounds were developed for the first three problems, 
but the encoder failure ended use of the star tracker. 

The star tracker was activated at Che start of the first manned period. It 
operated satisfactorily except for frequent disturbances when star acquisition 
was lost because of contaminants entering the field of view. If a particle re- 
flecting light with an intensity above the photomultiplier tube's threshold en- 
ters Che field of view, the particle will be tracked as a target star. This dis- 
turbance was noted 35 times during the first manned period and 4 times during Che 
second manned period. Typical particles were generated by sloughing of paint 
and dust, ouCgassing, and venting from the vehicle (11.4.6). 

Five times during the first manned period the star Cracker shutter stuck 
open. The crew tried Co close the shutter using control panel commands, but 
there was no response. The tracker was then positioned to point at the backside 
of a solar array to prevent damage Co the photomultiplier tube. About 1.5 hours 
later, the shutter was observed closed when telemetry was acquired at a ground 
station. When the unit was turned off on Day 79, the shutter operated normally. 
Possible explanations were examined, and Intermictenc binding at some point in 
the shutter mechanism was found to be the most likely cause. The shutter prob* 
lem caused temporary degradation of canister roll position Information, but sir t 
the shutter problems cleared themselves after a few hours, the data loss was 
minimal. Workarounds required somewhat longer operating time by Che crew. 
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On Day 101, the star tracker failed to acquire the target star. Alpha Crw:. 

It was felt thac bright light, presumably from the Earth's albedo, degraded the 
photomultiplier tube during a shutter anomaly. Exposure for as long as 20 minutes 
to light as bright as the Earth's albedo would permanently degrade the star tracker 
sensitivity by SO percent. To determine If l>hotoumltlpller tube degradation had 
occurred, and by how much, a number of stars of different magnitude were selected 
and atteuqjts to acquire each were made. Stars of 0.56 magnitude and brighter 
could be acquired and tracked. Ccmparlson with ground tests Indicated a sensi- 
tivity degradation of 30 to :s0 percent. The photomultiplier tube degradation 
caused the loss of Alpha Crux as a target star. Since there were periods when 
both Achemar and Canopus, the primary target stars, were occulted, another star 
of sufficient magnitude, Rigel Kent, was found. 

A failure was noted on Day 228 when the outer gimbal position Indication went 
to zero and the outer gimbal rate signal recorded a constant output. Telemetry 
data were analyzed, and a laboratory test simulation duplicated the failure symp- 
toms by interrupting the outer gimbal encoder output or the encoder lamp power. 

It was concluded that the outer gimbal encoder had failed and probably would not 
recover. This failure rendered the star tracker useless and it was turned off. 

The Z-axls reference provided by the star tracker was lost for the remainder of 
the mission. After Day 228 outer glnktal angles were conq)uted by ground personnel 
using vehicle inertias and solar elevatlcm. The crew later verified this method, 
using a sextant to measure star positions. 
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iLECTRICAL ROWER 


The Saturn Workshop's electrical power is supplied by two solar cell ar- 
ray systems. Each system is capable of providing approximately 4 kilowatts of 
continuous » regulated power. The laboratory system's coiq>onents are located 
throughout the Saturn Workshop, especially in the airlock section. Its two 
solar array wings are folded against the sides of the workshop during launch 
and are deployed after orbital insertion. The solar observatory system's equip- 
ment is located on its exterior, except for the controls, which are in the dock- 
ing adapter* Its four solar array %»lngs are folded and restrained for launch 
and extended to their operating position after the solar observatory is deployed 
and locked. 

The solar cell arrays intercept, collect, and convert sunlight into elec- 
trical power. Individual power conditioners consisting of a charger, battery, 
and regulator are associated with specific groups or panels of the solar arrays. 
During orbital periods when the Saturn Workshop is shaded by the Earth, energy 
stored in the batteries supplies power. The energy removed from the batteries 
during the dark periods is replaced during the following sunlight period and 
the remainder of the solar array energy is distributed to buses and networks to 
supply electrical load requirements. The power distribution system is protected 
by conventional safety devices, and paralleliug of the two systems is possible. 
In addition, a power cable is pulled through the docking port into the command 
and service module by a crewman to supply the command module's systems after 
its fuel cell source is shut down. More detailed ir "onnation can be found in 
reference 4. Figure 7-1 is a simplified schematic of the overall power system. 



Figure 7-1.- Saturn Workshop electrlCv<il power systems. 





7.1 MISSION PERFORMANCE 


The laboratory telemetry and command systems were operated on ground power 
until approximately 3 minutes before liftoff, when they were switched to the lab- 
oratory batteries. No solar observatory systems were powered during launch. 

The solar observatory solar array was deployed approximately 28 minutes after 
liftoff. Deployment of the workshop solar array was commanded by automatic se- 
quence at liftoff plus 52 minutes, but the array failed to deploy. Backup de- 
ployment commands were sent up with no success. 

TWo hours after launch, a command was sent Chat paralleled the two electri- 
cal systems and provided solar observatory power to the laboratory system buses. 
Power management procedures were initiated to ensure that the Saturn Workshop 
load demands would not exceed the capability of Che solar observatory electrical 
power system. The goal of the power management operation was to limit Che level 
of Che solar observatory battery discharge. Splnup of the control gyros and 
activation of the workshop radiant heaters were delayed, and the docking adapter 
wall heaters were left on their low temperature thermostat controls until a full 
assessment could be made. 

The Saturn Workshop was maneuvered out of the normal solar inertial atti- 
tude on Day 2 to prevent potentially destructive internal temperatures. This 
caused a reduction in the solar observatory power system capability and the re- 
quirement to manage power for the essential electrical loads became critical. 

Power management involved the use of ground computer programing to match flight 
plans Co load requirements and to determine the power capability of the systems 
at various attitudes. The power capability is defined as Che arithmetic average 
power available at the major buses during one orbital period. 

Tbe battery life is inversely related to the depth of discharge, cell tem- 
perature, and number of discharge-charge cycles. A 30 percent depth of discharge 
maximum was selected to ensure battery life through Che 4000 or more discharge- 
charge cycles of the mission. The portion of the orbit in the Earth's shadow 
when the batteries are used is determined by the absolute value of the beta angle, 
which is Che minimum angle between the orbital plane and the Sun vector. During 
the mission the beta angle varied between 0 and +73.5 degrees, the orbital plane 
being inclined to Che equatorial plane by 50 degrees, and the equatorial plane 
being Inclined to the ecliptic plane by 23.5 degrees. Orbit precession and per- 
turbation caused dark periods for as long as 36 minutes. Figure 7-2 shows the 
beta angle and sunlight time for the Sky lab mission. 

The solar cells have their maximum output when their plane surfaces are 
perpendicular to Che sunline, Chat is, when the angle of solar incidence is 
zero. This orientation exists in the solar inertial attitude. Neglecting other 
variables, the power capability is a cosine function of the angle of solar inci- 
dence. For thermal balance, an attitude with the docking adapter pitched 45 +10 
degrees from the solar inertial attitude toward the Sun was chosen. To maintain 
sufficient power, the mission rule to limit the 30 percent discharge level of 
the batteries was waived. The solar arrays were large enough to provide suffi- 
cient energy during the sunlight period lo power the Saturn Workshop and to re- 
place the power supplied by the batteries during 36 minutes of darkness. The 
batteries were operated at energy balance each orbit; that is, the only constraint 
on battery operation was that the batteries be recharged before entering each 
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orbital night. Figure 7-3 shows the power gained during the first unmanned 
period by using the energy balance constraint instead of the 30 percent battery 
discharge limit imposed originally. 



Power capability, watts 


Figure 7-3.- Solar observatory power capability. 

Power capability at the thermal attitude varied between 2700 and 3200 watts. 
A list of equipment that might be turned off (table 7-1) was prepared to be usea 
as necessary to reduce the total load requirement to fit the capabilities of the 
power system. Not enough equipment could be turned off to reduce the total load 
to within thii-; value, so the constraint to operate the system within energy bal- 
ance was violated. Continued operation at this attitude resulted in a depletion 
of the battery-stored energy, and 8 batteries were automatically disconnected 
from the load buses, leaving the 10 remaining power conditioners to supply :.he 
entire load. The sunlight incidence angle was then decreased, and 7 of the power 
conditioners were reconnected to the buses during orbital da'^light, Power con- 
ditioner 15 failed to respond to the attempts to reconnect It to the load buses. 
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Analysis of this anomaly determined that 
the power conditioner 15 solar array con- 
tactor had failed in the open position. 
Attempts to close the contactor by ground 
and manual commands were unsuccessful. 

This reduced the available power by 5.5 
percent. 

During the first unmanned period the 
total load varied from 4400 watts average 
per orbit in the solar Inertial mode to 
2400 watts at the 60-degree pitch atti- 
tude. The solar observatory average load 
for this period was approximately 1600 
watts. Since the solar observatory power 
system was providing all the power, the remaining 800 to 2800 watts was trans- 
ferred to the laboratory transfer buses. 

Figure 7-4 shows the average power capability from Saturn Workshop launch 
through the first manned period. It shows the effects of the thermal attitudes 
flown, the power increases after the parasol thermal shield deployment, the re- 
turn to solar inertial attitude, and the activation of the laboratory power 
system after the laboratory solar array wing 1 was released and extended. Fig- 
ure 7-5 shows the loads on Day 7. Although rigorous power management techniques 
were required for this time period, the power capability was sufficient to supply 
the minimum load requirements at the various attitudes and to protect the integ- 
rity of each electrical system. The voltage levels for this time period were 
substantially above the imposed minimum bus voltage needed by the components, 
ranging from 27.6 to 29 vdc. After the crew deployed the parasol thermal shield, 
the Saturn Workshop was returned to the solar Inertial attitude. It remained in 
this attitude for the remainder of the first manned period except for occasional 
excursions to the Z local vertical attitude for Earth observations experiments. 



Saturn Workshop mission day 

Figure 7-4.- Saturn Workshop power capability. 

A further reduction in the power capability occurred on Day 17 when the 
pow^r conditioner 3 output failed, leaving 16 power conditioners in operation. 
Additional degradation occurred on Day 24 when power conditioner 17 exhibited 
a reduced power output during specific orbital periods. The estimated loss 
of capability was 80 percent of the power conditioner 17 capability, or approx- 
imately 150 watts loss in the average solar observatory power. Subsequent 


Table 7-1.- List of Equipment To 
Be Turned Off As Needed During 
First Unmanned Period 


Equipment 

Load, watts 

Airlock 


Wall heaters (15) 

216.0 

Coolant pimps (1 of 6) 

85.0 

Telemetry transmitters, 10-watt (3) 

138.6 

Docking adapter 

546.6 

Mall heaters (8) 

Docking port heater 

19.9 

Spare docking port heater 

19,9 

Tunnel heaters (2) 

185,6 

Solar Observatory 


telemetry transmitters (2) 

117.6 

Valve control assembly 

20.0 

Pump Inverter assembly 

125.0 
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Time, hours 

Figure 7-5.- Saturn WorKshop electrical power loads 
on Day 7. 


review of data indicated that this loss jiad initially occurred on Day 11. Addi- 
tional power managemant was required to limit the total load requirements to 
compensate for reduction in power capability. 

The solar observatory continued to supply the total electrical power re- 
quirement unt:’l midway through the first manned period, on Day 25. The command 
module *s power was being supplied by its fuel cells, and it did not require any 
power from the solci observatory power system during this neriod. Load manage- 
ment was continued during this period to ensure that the . id did not exceed the 
capability of the system. The docking adapter heaters were left on low tempera- 
ture control and cycled from the ground when heat was required. Lights were 
turned on by the crew when in a particular work area and turned off when leaving 
the area. Use of food tray heaters was kept to a minimum. Recorders were op- 
erated only when essential data v ire needed. Other equipment which could operate 
automatically was kept in the manual control mode. 

Skylab is placed in the Z local vertical attitude for performance of Earth 
observation experiments. This attitude positions the spacecraft with the -Z 
axis pointed at the center of the Earth and the +X axis in the direction of the 
velocity vector. This is shown in figure 7-6. This attitude mode reduces the 
electrical power capability except at one point. At orbital noon, the attitudes 
in solar inertial and Z local vertical are the same when the beta angle is zero. 
For this beta angle, when the Earth observations occur near orbital noon, only a 
smaJl change in the incidence cosine is involved, resulting in a minimum loss of 
power capability. For Earth observations at other beta angles, the vehicle must 
be rotated about its longitudinal axis an amount equivalent to the beta angle, 
and the output power is decreased. However, at high beta angles the dark portion 
of the orbit diminishes, and the battery discharge during the night preceding 
the Earth observation pass is correspondingly reduced or eliminated. Thus the 
battery has a higher capacity at the start of the maneuver, which partially off- 
sets the power loss caused by the non-solar-inertial attitude. Time spent in the 
Z local vertical attitude is a large factor to consider in maintaining the battery 
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Solar vector 




Orbital midnight 


Figure 7-6.- Z local vertical maneuver. 

percent of discharge within acceptable limits. Power capability for Earth obser- 
vation passes is predicted by computing the average of the power available from 
solar arrays and batteries from the start of the maneuver to Z local vertical 
attitude through the first night period after return to the solar inertial atti- 
tude. 

There were five Earth observation passes during the first half of the first 
manned period. During the first one, on Day 17, loads were not reduced enough 
to compensate for the reduced power capability in the Z local vertical pointing 
mode. As a result, solar observatory batteries 6, 7, 8, and 16 discharged to 
approximately zero percent state of usable charge, and their power conditioners 
were automatically turned off by the battery low voltage logic. After return to 
the solar inertial attitude and acquisition of sunlight these power conditioners 
were reconnected to the load buses. Soon after sunrise, power conditioner 3 
automatically disconnected from the load buses. It did not respond to the com-- 
mands to reconnect it to the buses, and subsequent analyses revealed that its 
regulator had failed. Power conditioner 3 was lost for the remainder of the 
mission. The number of power conditioners operating was reduced to 16. Solar 
observatory power of about 3200 watts was supplied to the laboratory loads 
by the transfer buses during this first Earth observation pass. Although 3200 
watts is above the 2500 watts this transfer bus was designed to carry, all sys- 
\ terns performed satisfactorily. The voltage at each bus was satisfactory and the 

transfer circuit capability (fuse and wire ratings) was not jeopardized. For the 
remaining four Earth observation passes during this time period, data taking 
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periods were limited to short durations and loads were reduced, so no batteries 
were automatically disconnected. During these pasres, solar observatory bat- 
teries 5 and 6 discharged to a greater depth than t. e others because their solar 
arrays were shadowed by the solar observatory solar shield. These passes also 
required less power transfer because loads on the laboratory buses were reduced. 
The power history for the five Earth observation passes for this time period is 
shown in table 7-II. 


Table 7-TI.- Power History for the First Five 
Earth Observation Passes 


Pas5- 

number 

Day 

Beta 

angle, 

degrees 

Tire to 
maneuver 
to Z local 
vertical , 
minutes 

Time in 
Z local 
vertical 
orientation, 
minutes 

Time to 
maneuver 
to solar 
inertial 
mode, 
minutes 

Predicted 

power 

capabil i ty, 
watts 

Average 

o*"bital 

load, 

watts 

Load 

reduction 

used, 

percent 

Maximum 
depth of 
discharge 
of 

batteries, 

percent 

1 

17 

20 

9 

33 

18 

4085 

3900 

None 

50 

2 

20 

12 1 

5 

10 

5 

4534 

4000 

7 ! 

37 

3 

21 

8 ! 

5 

11 

5 

3859 

4030 

13 i 

40 

4 

22 

4 

8 

12 

5 

3940 

3600 

14 

38 

5 

23 

1 

1 

8 

12 : 

1 

5 i 

3930 

3970 

13 

39 


The crew deployed the laboratory solar array wing 1 during an extravehicu- 
lar activity on Day 25. This provided an increase of approximately 2000 watts 
to the Saturn Workshop capability and ended the need for rigorous power manage- 
ment techniques. However, each daily flight plan thereafter was reviewed and 
each activity and time function for each of the three crewmen was entered into 
a computer program. The resulting vehicle power consumption obtained was com- 
pared with the predicted power capability. All operations requiring a departure 
from the solar inertial attitude were processed through the computer to deter- 
mine the amount of power loss. Where loads approached power capability, non- 
essential electrical l.aas were turned off to provide an adequate power margin. 
For the remaining 14 days of the first manned period all solar inertial mode 
orbits had a positive power margin of 800 watts minimum. The 88 Earth obser- 
vation passes completed after the workshop solar array wing was deployed still 
required load reduction because of the increased length of the maneuvers and 
the data take. Table 7-III summarizes the number and types of Earth observa- 
tion passes pe’^formed during the mission and the depth of battery discharge for 
each type. 


Table 7-III.- Summary of Skylab Mission Earth Observations 


Earth 

observation 

attitude, 

degrees 

Duration, 

minutes 

Number of observations 

Percent of battery 
discharge, average 

First 
manned 
pei lod 

Second 

manned 

period 

Tin 3 

manned 

period 

Mis5 ion 
total 

Laboratory 

Solar 

observatory 

0 to 50 

0 to 13 

3 

6 

7 

16 

21.5 

21.5 

50 to 75 

13 tu 19.5 

1 

10 

5 

16 

27.1 

22.0 

75 to 100 

19.5 to 25.8 

0 

7 

10 

17 

23.4 

30.0 

lOG to 125 

25.8 to 3? 

6 

8 

5 

19 


27.5 

125 to 150 

32 to 39.5 

1 

8 

0 

9 

34.3 

38.5 

150 to 175 

39.5 to 45.2 

0 

1 

1 

2 

25.0 

19.6 

200 to 250 

57 to 64.5 

0 

0 

1 

1 

19.0 

; 15.5 

350 to 400 

91 to 103 

0 

0 

9 

9 

1 44.0 

1 35.4 

400 to 450 

103 to 116 

0 

4 

2 

! 2 

52.8 

38.9 

Subtotals 

- 

11 

41 

41 

1 

L - j 
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The command and service module fuel cells were deactivated cn Day 32, and 
the Saturn Workshop electrical power system began to provide its power re- 
quirement. Its average load was approximately 1200 watts w'th a peak load of 
2200 watts average for a 2-hour period during the entry simulations. During 
an extravehicular activity to retrieve film from the solar observatory cameras 
on Day 37, a crewman applied a mechanical shock to a prescribed iocat ic ri on the 
case of solar observatory power conditioner 15 and it resumed normal operation 
upon command. 

During the second unmanned period, the average Skylab electrical load re~ 
quirement was 3100 watts per orbit. Since the average power system capability 
exceeded 5000 watts for the entire period, a positive power margin of over 2000 
watts existed for the entire unmanned period. The power system operated normally 
during this period without failure of additional subsystems or off-normal opera- 
tions. 

prepare for the second crew's arrival, the thermostat setting for the 
docking adapter wall heaters was increased to the 21®C point by ground command 
on Day 75, resulting in an increased load of approximately 500 watts. At this 
point the average load was 3600 watts. Additional loads were added as the dock- 
ing lights, transponder, and tracking lights were sequenced to support the ren- 
dezvous and docking maneuvers. The average loads of this period did not exceed 
3900 watts, and since the average power capability was 5500 watts, a ^^ositive 
power margin of over 1600 watts was maintained. After full operation; began, 
the total average load requirement was 4800 watts until Day 95, when une command 
module's fuel cells were deactivated, increasing the average load requirement to 
5850 watts. The laboratory power system's regulated voltage was changed; at the 
high beta angle at this time and with the change in voltage, the total capability 
was 7000 watts, providing the necessary power margin As the mission progressed, 
it was necessary to adjust the power sharing periodically to ensure that the 
power margin was maintained and that the battery discharge constraints were not 
violated. 

There were 41 Earth observation passes made during the second manned period. 
Reevaluation of the electrical systems determined that 50 percent discharge for 
the laboratory batteries and 45 percent discharge for the solar observatory bat- 
teries were p.irmissible during these maneuvers. This criterion was implemented 
for the Earth observation pass on Day 111, and for all subsequent Earth observa- 
tion passes until Day 229. The Earth observation maneuver plans were programed 
through the ground computers, and the batteries' depths of discharge were pre- 
dicted. Further power management techniques were implemented only if the pre- 
dicted depth of discharge exceeded the allowable value. 

A failure of the charger in the solar observatory's power conditioner 5 on 
Day 123 again reduced power system capability, but only by approximately 100 
watts. With the exception of the charger failure, the first manned period fail- 
ure of solar observatory regulator 3, and the off-normal performance of power 
conditioner 17, all subsystems cor tinued to operate normally during the second 
manned period. 

Concern arose during the second manned period when the primary airlock cool- 
ant loop was shut down because of a suspected loss of coolant fluid. With only 
one airlock coolant loop in operation dur^ig the third unmanned period, there 
would be no backup system available, so a failure of this coolant loop would leave 
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the laboratory power conditioners without coolant flow. The batteries and 
electronic components in the power conditioners must be cooled when operating. 
Should the power conditioners lose their coolant flow, they would be shut down 
to ensure their availability during the third manned period. The normal pro- 
cedure would be to open the battery and regulator outputs by ground command 
and allow the sular observatory to supply the total power until the third crew 
could rendezvous, dock, and resupply the coolant fluid. This operation, how- 
ever, would remove power from the workshop control bus, removing comnand capa- 
bility from the system. Disconnecting the batteries from the regulator x^ould 
still leave the system operational during the daylight cycles. It was then de- 
cided that the proper way to power down in the event of a coolant flow loss was 
to leave the regulator output relay closed, and reduce the regulator voltage, so 
that the solar observatory would provide al ^ of the power to the vehicle, effec- 
tively reducing the laboratory power output to zero. Thi.s would allow power tu 
flow to the control bus through the regulator from the solar observatory. Figure 
7-7 shows the path for this power flow. Because the regulator voltage can only 
be adjusted manually, it was required that this be dene immediately before the 
crew^s departure. This would have placed the entire electrical load on the solar 
observatory for the entire unmanned period to follow, which was undesirable. 
Therefore, the Saturn Workshop was changed from the nonial configuration before 
reduction of the laboratorv voltage by opening the transfer relays. The result- 
ant 27 volts was sufficient to power the loads, and the transfer relays were left 
in the open position, with each system operating independently. Should the cool- 
ant loop fail, the transfer relays would be closed and the system would be in the 
contingency operating configuration. Fortunately, the coolant system operated 
satisfactorily during the third unmanned period, and the transfer relay was left 
open until afte^ of the third crew. 



Figure 7-7.- Solar obse: atory power supplied to 
laboratory control bus. 


The laboratory electrical power system operated normally during the entire 
third unmanned period. The average laboratory electrical load during this period 
was 1100 watts and t^e capability of the system varied from a minimum of 2900 
watts to a maximum 3600 watts. The resulting laboratory battery discharge for 
the 1100-watt load over the range of beta angles encountered during the unmanned 
period varied from 6 tc 8 percent. The solar observatory electrical power system 
operated norinallv, with the exception of power conditioner 17. Because of the 
off-normal oper m of this subsystem, its contribution to the total output was 

80 percent less an that of the remaining 15 power conditioners. On Day 151 
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power conditioner 17 was rem^. from the load bus for a period of 20 hours. 

After it was returned to the load bus it began to function properly, and for 
the ro-^ainder of this period its contribution to the total power capability 
was equal to that of the other 15 active power conditioners. The average load 
requirem nt was 2000 watts, and the average system capability varied from a 
minimum of 3800 watts to a maximum of 4900 watts. The resulting battery dis- 
charge fcr the 2000-watt load over the rang^ of beta angles encountered during 
the unmanned period varied from 12 to 14 percent. 

One Jay prior to the launch of the third crew, the thermostat setcing for 
the docking adapter wall heaters was once more increased to the 21 setting, 
which resulted in an increased load on the laboratory system of 500 watts to a 
total load average of 1600 watts. Additional loads were the tracking lights, 
transponder, and dockinp lights to support the rendezvous and docking operations. 
The average of the peak loads on the laboratory system for this period was 1900 
watts; the average load on the solar observatory system remained at 2000 watts. 
Because of the high beta angle, the power capability for both systems was the 
highest for the entire unmanned period at this time. A 3arge positive pov?er 
margin was still maintained for each system. 

When the Saturn Workshop activation began, one of the first tasks accom- 
plished was to parallel the electrical power systems and adjust the laboratory 
open circuit voltage to 29.1 volts for the first activation day. xt was in- 
eased to 29.3 volts for the remainder of the activation period. The power 
capability of the two systems operating in parallel at the 29.1-volt setting was 
80G0 watts. The adjustment to ?9.3 volts caused tlie combined capability to de- 
crease to 7900 watts. -^fter full acti^'^ation the average load was 4800 watts 
when the crew was awake and 4200 watts when the crew was asleep. With the 
7900-watt capaL. ’ity for this period, a power margin of 3100 watts existed. The 
command module fuel cells we^re deactivated on Day 206, and the load was switched 
to the Saturn Workshop power system. The total Skylab load increased to 5800 
watts average when the crew was awake and 5200 watts average when the crew was 
asleep. The 6200-watt power system capability on Day 206 provided a minimum 
power margin of 400 watts. 

During the Earti^ observation orientation the discharge limit ou the labora- 
tory aid solar observatory power systems was relaxed, to permit deep discharges 
for this limited number of cycles. For the first 43 days of the third manned 
period the constraint on the solar observatory batteries permitted a maximum of 
9 amp-kr (45 percent) to be removed; simil , the laboratory battery discharge 
constraint was 16 amp-hr maximum (48.5 percent). 

On Day 229 a battery capacity test was conducted on solar observatory bat- 
teries 10 and 18. Since ti.e measured capacity during this test was less than the 
predicted value, the solar observatory constraint was changed to 8 amp-hr (40 
perce.it). Since this decrease in stored energy available froirt the system re- 
stricted to a degree the types of Earth observation passes permissible, on Day 
243 the laboratory criterioi was relaxed to permit a maximum of ?0 amp-hr (60.6 
perc^^nt; to be removed from the laboratory Jatteries. 

An Earth observation pass was performed on each of cwo successive orbits on 
Day 246, which resulted in a violation of the 8 amp-hr constraint on solar obscrv 
atory battery 11. The actual discharge was 8.23 amp-hr. Since the excursion 
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above 8 amp-hr was small and at a relatively low discharge rate, power condi- 
tioner 11 did not automatically disconnect from the system. Following the 
returti to the solar inertial attitude, enough energy was available to completely 
recharge the battery during the following orbit. Therefore, the violation of 
the constraint did not adversely affect the power system performance and was not 
considered off-normal operation. 

During the third manned period, one of the major experiment objectives was 
to obtain data on Comet Kohoutek. To obtain the proper angle for comet observa- 
tion, it was necessary to maneuver away from the solar inertial attitude. Tlie 
percent of discharge for all the batteries was computed for each pass to ensure 
that the power system^s integrity was protected. However, most of the passes 
centered around orbital midnight, so the resulting discharge leveJs approximated 
that of a normal solar inertial night period. Two comet observation passes and 
one Earth observation pass required additional capability to ensure that the 8 
amp-hr maximum discharge criterion was not violated. Power conditioner 5, which 
had a charger problem, was managed t ground control to provide the additional 
capability needed. 

Many of the changes in battery discharge levels during the mission were re- 
lated to the adjustment of the regulator bus open circuit voltage, but in addi- 
tion the discharge also changed with the beta angle except when it was greater 
than 69.5 degrees and there was continuous sunlight. Figure 7-8 shows the 
average percent of discharge at the solar inertial attitude for both the systems 
and the relationship of discharge level to the beta angle for the mission. 

Figure 7-9 shows the performance history of the Saturn Workshop electrical 
power system for the mission period, including both the average power loads and 
the system capability. The reduction in loads during the unmanned periods was 
due to the absence of the crew and the reduced operation of the integrated 'ex- 
periments. The total experiment loads could reach as high as 1500 watts during 
manned operation; however, planned operation required approximately 500 watts of 
power. During :he unmanned period, some experiments were operational and others 
required thermal protection. Approximately 200 watts of power was used for this 
purpose. 


7.2 LABORATORY POWER SYSTEM 

The laboratory electrical power system was to have derived power from two 
solar array wings. A wing is made up of three sections arranged to provide eight 
isolated power groups. The eight power groups on each wing are normally paired 
in parallel and connected to eight power conditioners. The power conditioners 
supply the two main buses that supply power to the electrical equipment in the 
laboratory. The laboratory electrical pov3r system normally operates in parallel 
with the solar observatory electrical system; however, independent operation is 
possible by opening transfer bus cir''uit breakers. The amount of power supplied 
by each of the two electrical systems is controlled by adjusting regulators that 
control voltages ^f the two laboratory regulated buses. The voltage is adjusted 
to some value relative to the voltage of the solar observatory power so that the 
ratio of load demand to system capability is nearly equal for the two electrical 
power systems. 


kiiawatu Depth of discharge i percent Depth of discharge » percent 
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Figure 7-9.- Electrical power capability and average load history. 
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Because of the loss of one solar array wing and the failure of the other to 
deploy ful].y, the power conditioners were disconnected from the load buses ap- 
proximatel]^ 2 hours after the Saturn Workshop launch, to prevent complete dis- 
charge of the batteries. The laboratory solar array wing was approximately 10 
percent deployed and provided 100 to 180 watts, depending upon attitude. This 
limited power was used to recharge four of the eight batteries at a low charging 
rate. The laboratory electrical power distribution networks and controls were 
used during this period to achieve near-normal operation with the solar observa- 
tory system supplying the electrical power. 

The crew released the partially deployed array on Day 25. The laboratory 
electrical power system performed according to predictions throughout the re- 
mainder of the mission. No contingency operations were performed, and no un- 
planned switching operations were required. The regulator bus voltage control 
potentiemeters were adjusted several times to optimize load sharing between the 
two power systems according to their respective power capabilities and load re- 
quirements. Load sharing among the eight power conditioners was stable and was 
performed as predicted. 

Actual power use during solar inertial attitudes varied from 1600 to 3500 
watts with average battery discharges of 0 to 17 percent of full capacity per 
orbit. The maucimum depth of discharge of 57 percent occurred after an Earth 
observation experiment orbit on Day 256. 

The system performed well throughout the mission, and no failures of equip- 
ment were noted. All required operations associated with activation, deactiva- 
tion, paralleling, and Earth observations were successfully completed. Several 
voltage regulator fine adjustments were made to optimize powei. capability. All 
svstem naraineter monitors functioned orooerlv. 

7.2.1 Solar Array 

The workshop solar array wing consists of an open box type beam and three 
wing sections. Each wing section consists of 10 identical solar cell panels 
for a total of 30 panels for the wing* Two additional p ^els are included in 
each wing section to provide spacing between the active \s and the beam 

fairing; one is a truss panel and the other an inactive -i. Figure 7-10 

shows the physical arrangement of the solar wing components their physical 
characterictics. 

Each active panel consists of 4 separate and isolated solar cell modules 
for a total 120 modules for the wing. These modules are bused together into 
8 groups of 15 modules each* These groups together with power conditioners form 
eight individual power sources* Since the eight solar array groups in each wing 
are paralleled » the loss of solar array wing 2 resulted in a 50 percent reduc- 
tion in current at no change in voltage, causing only a reduced load capability. 
The wing which was lost had the same arrangement shown for wing 1, so the mod- 
ules* power conditioners 1, 2, 3, and 4 were outboard from the Saturn Workshop, 
opposite to the inboard arrangement of wing 1. This eliminated the possibility 
of the Saturn Workshop's shadowing both halves of a power group during non-solar- 
inertial attitudes. Without this wing, power groups 1 and 3, because of shadow- 
ing, had the lowest power outputs of the groups during Earth observations. 
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Figure 7-10. • Workshop solar array wing coa fig .^ration. 

Thermal Characteristics .- The operating tenQ>erature of the solar cells is 
determined from the outputs of 10 temperature transducers mounted on the solar 
array wing. The temperature transducers* outputs vary in a cycle with each 
orbit. Figure 7-11 shows solar array temperature profiles for orbits at beta 
angles of 0, 30 » and 60 degrees. 



Time, hours 

Figure 7-11.- Temperature profile for workshop solar array 
wing at various beta angles. 

Actual temperature profiles were similar to premission predictions » bv*^ loss 
of the meteoroid shield produced some differences. The meteoroid shield in the 
vicinity of solar array wing 1 was painted black and had a low reflectivity. The 
exposure of the highly reflective gold surface of the workshop resulted in in- 
creased reflection of the direct solar radiation and the reflected light and 






direct themal radiation from the Earth. This additional reflected energy 
raiaed temperatures on the wing section closest to the workshop, but had little 
effect cn the outer wing asctiun. 

The lower predicted teaq>erature at orbital noon was based on the solar 
array's operating at peak power fdiile in sunlight. Peak power operation actu- 
ally ends %ihen the batteries approach full charge, generally in the first 20 
minutes of sunlight. When the array operates below peak power, efficiency drops 
and the array's temperature rises. 

Power Output .- The original two-wing solar array subsystem was to deliver 
an average available power of 10. S kilowatts, within a voltage rr^ge of 51 to 
125 vdc, integrated over the sunlit portion of the orbit. Based on a [‘relaunch 
prediction of 8.3 percent performance degradaclon for the mission, a minimnn 
power capability of 11.5 kilowatts was required at the beginning of the mission 
to provide this required power at the end of the mission. With the loss of 
wing 2, this power capability was reduced to one-half of the predicted values. 
Figure 7-12 shows the performance of solar array wing 1 conq>ared to these re- 
quirements. The voltage and current outputs of the eight solar array groups 



Figure 7-12.- Performance of solar array wing. 


are similar except where nodules are shadowed by the solar observatory solar 
array. Solar array groups 5 and 8 each have one module shadowed; group 6 has 
two modules iri the shadow. Figtire 7-13 shows the voltage and current outputs 
of these groups during a typical orbit. 
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Figure 7-13.- Typical workshop solar array group output for one orbit. 
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As the solar array ’/ent Into shadow, the current dropped to zero, and the 
voltage dropped to the pttwer conditioner battery voltage. When the array came 
into the sunlight it was cold, and the voltages were at their peak values; the 
voltages decreased as the a.. ray warmed up. The current was high because of the 
increased loads of the batteries recharging. When thr batteries approached 
full charge the charge rate decreased, resulting in a crop in the current and 
a rise in voltage. After the batteries were fully charged the current remained 
nearly constant at the lower values shown, and the voltage continued to vary 
according to the temperature. The slight rise in voltage before the end of 
the cu»»light portion of the orbit corresponded to the small decrease in tempera- 
ture that occurred when the incidence angle of the back of the solar array sur- 
face to the Earth's surface Increased. 

One abnormal condition was noted for solar array group 4. Onboard and 
ground equipment displays consistently indicated a lesser current output from 
group 4 than from the other groups. Evaluation of the other power conditioner 4 
measurements verified that this group was operating with the same capabilities 
as the others. The loss of solar array wing 2 probably allowed a solar array 
group 4 return wire to make contact with the vehicle surface, causing a current 
path around the current monitoring shunt devices. Reg.*lator bus 1 current in- 
dicators, which are a summation of the current of the power groups feeding the 
bus, were also low by the same amount as solar array group 4. Data from these 
two items were corrected by adding a value equal to the difference between them 
and the average current readings of the other groups. Low readings continued, 
but the workaround procedure was satisfactory for evaluation purposes. 

The average power output for solar array wing 1 at the end of the mission 
was 6970 watts. This apparent high power was due in part to the occurrence of 
the maximum solar flux intensity because the Earth was then at perihelion. 

Also, the following circumstances contributed to the higher than predicted 
output : 

a. The average solar cell output was higher than expected. (256 miili- 
amperes verstis 248 milllamperes) . 

b. Wiring sizes were chosen assuming worst-case tenq>eratures , s’hlch re- 
sulted in less voltage drop than predicted. 

c. The assumption of an 8-degree orientation error existing continuously 
between the Sun and the arrays was overly conservative. 

d. Shadow pattern analysis had assumed that 17 out of 240 modules would 
be shadowed for periods up to full orbit under thruster attitude control with 
a 5-degree deadband. The deadband was changed to 3 degrees prior to launch. 
Moreover, use of thruster control was minimal. 

e. Power calculations were based on worst-case values of heat flux for 
entire orbits. This was done because the random behavior of infrared radiation 
and albedo of the Earth are not well known. 

7.2.2 Power Conditioners 

Major components of aach power conditioner are a charger, battery, and 
voltage regulator. 
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Chargers ,- The battery charger receives power from the solar array and 
supplies it to the bus regulator to satisfy load demands and to charge the bat- 
tery. After load demandn are met, the remaining power is delivered to the bat- 
tery. A peak power tracker unit restricts the charger output so that the solar 
array power requirement does not exceed the maximum power point , thereby prevent- 
ing overloading of the arrays. An ampere-hour meter controls battery charging 
by measuring the amount of current supplied by the battery and ensures that a 
like amount is replaced. 

The battery chargers performed satisfactorily both before and after the 
deployment of solar array wing 1. The battery chargers in power conditioners 
5, 6, and 7 operated with dual low power solar array inputs to charge their 
respective batteries to 100 percent charge. Solar array currents during the 
charging of these batteries were between 0.4 and 1.2 amperes for power condi- 
tioners 5 through 8. These current levels are well below the desired range of 
operation for the battery chargers. 

The other four batteries could not be charged because the array power 
available, even from dual solar array group combinations, was insufficient to 
operate the battery chargers. Another result of the low solar array power was 
that battery chargers 1, 3, 4, and 8, and possibly the other battery chargers, 
experienced an oscillating input caused by the repetitive collapse and recovery 
of the solar array output characteristic. The array voltage would rise to the 
point at which the battery charger bias circuits would turn on. The current 
drawn by the bias circuits, however, would pull down the solar array voltage 
to such a level that, because of the low solar array power, the circuits would 
turn off again. At this point the array voltage would recover to its original 
level, and the cycle would repeat. Analysis of the battery charger circuits 
indicated that this condition should not cause any problems. As a safety fac- 
tor, however, the charger switch was placed in the bypass position, so that the 
solar array output was removed from the battery charger input. 

Each battery charger conditioned its associated solar array group input so 
that peak power was extracted upon demand during initial battery charging, bat- 
tery voltage was limited as determined by battery temperature during the voltage 
limit charge mode, and battery current was regulated when the battery-charger- 
controlling ampere-hour meter indicated a 100 percent battery state of charge. 
Figure 7-14 illustrates the typical operation of a power conditioner for one 
discharge-charge cycle after the laboratory solar array wing deployment. 

Peak Power Tracking .- Peak power tracking is experienced from the beginning 
of each sunlight period until the battery is fully charged. Available solar 
array power is maximum at sunrise, and gradually decreases as the solar array 
group temperature Increases. The peak power tracking portion of the charger 
input power curve Is shown in figure 7-14. The charger peak power tracker ex- 
tracted maximum power from the solar array group immediately upon sunrise and 
then decreased its demand as the available solar array group power decreased. 

As shown in the figure, the peak power tracker closely followed the character- 
istic solar array profile until the battery charge voltage limit mode was 
reached. At this time, the charger input power decreased with the reduction 
of battery charge current demand. This device performed satisfactorily through- 
out the entire mission. 
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Figure 7-14.- Typical discharge-charge cycle operation 
for a power conditioner. 

Battery Voltage and Current Regulation .- Battery charging is designed so 
that the battery voltage will not exceed a limiting value Imposed by battery 
temperature. Data showed that the battery charger limited the battery under 
charge to the correct value for the corresponding battery top-of-cell tempera- 
tures. Battery temperatures throughout the mission varied from -1.0 to +4.5“C, 
well within the predicted ranges. 

When the controlling ampere-hour meter indicated that the battery had re- 
turned to 100 percent of charge, the battery current was regulated to 0.75 4^.5 
ampere. The battery current curve in figure 7-14 shows the drop to the trickle 
charge level at the time that the controlling ampere-hour meter reached 100 
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percent charge. The current then remained stable at 0.9 ampere throughout the 
trickle charge region. This operation was typical for all eight power condi- 
tioners throughout the entire mission. 

Ampere-Hour Meter Control .- The ampere-hour meter tracks the battery 
discharge-charge profile in 1 percent steps. Accuracy of the readings is im- 
proved by including in the Integration of battery charge current a temperature 
compensation factor, which corresponds to the battery temperature. Figure 7-14 
shows the typical relationship between the ampere-hour meter charge indication 
and the battery current. The meter accurately registered battery discharge and 
charge. Upon reaching 100 percent, the battery charger control circuitry was 
switched to trickle charge. The meter output remained at 100 percent until 
battery discharge began at the next sunset. The calculated percent of charge 
using battery current and temperature data compared closely with values obtained 
by the ampere-hour meter readouts. 

A downward drift trend was noted on several of the primary (controlling) 
ampere-hour meter indications before and during the second manned period. In 
some of these Instances the secondary ampere-hour meter indications showed a 
more pronounced downward drift than their associated primary ampere-hour indi- 
cations. Real-time analysis of other battery parameters — voltage, current, and 
temperature — Indicated that the batteries in question were being fully charged 
and that the drift was associated with ampere-hour meter operation only. 

Further analysis of flight data indicated that for the minimum power margins 
encountered during these periods, th'» return factor of the ampere-hour meter was 
not being satisfied even though the baztery was actually being fully charged. 

The erroneous ampere-hour meter indications had no effect on system operation. 
Following the minimum capability periods, the state of charge indications re- 
covered to normal levels and displayed the actual battery status. 

Batteries .- Each battery has 30 series-connected, nickel-cadmium, sealed 
cells. The batteries operate between 30 and 48 vdc and have a 33 amp-hr rating. 
Thermistors in the batteries provide temperature sensing for telemetry, ampere- 
hour meter compensation, charge control, and protection against excessive tem- 
peratures. Active cold plates regulate overall case temperature. 

The eight laboratory electrical power system batteries provided power 
during the launch phase. The batteries were then turned off at approximately 2 
hours after liftoff when it v»as determined that solar power was not available. 
Batteries at this time ranged from 64 to 68 percent of full charge. The bat- 
teries were turned off to retain their stored capability as backup power sources 
for low power capability periods, such as during Earth observation passes, and 
also to retain maximum flexibility in managing the batteries as the mission 
progressed. 

The batteries were turned on on Day 12 in preparation for the activity to 
deploy solar array wing 1. They only provided the electrical system control 
power because all of the regulator output power relays were in the off position. 

The deployment attempt was unsuccessful and all batteries were subsequently 
turned off after approximately 8 hours of operation. The percent of charge for 
batteries 1 through 4 at this time ranged from 48 to 53 percent. Batteries 1 
through 4 remained off until Day 25, vdien they were turned on in preparation for 
the second attempt to achieve solar array wing 1 deployment. Batteries 5 through 8 
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were cycled cn and off at various times for trouble-shooting purposes and 
attempted charging by the partially Deployed wing. On Day 22, batteries 5, 6, 
and 7 were recharged to 100 percent. Battery 8 could not be recharged because 
Its available solar array power was Insufficient to operate the battery charger. 

The Initial 24-day period, during most of which all eight batteries were 
turned off In a partially discharged state, constituted an abnormal storage 
period for the batteries. Recommended storage Is either discharged at an 18 
amperes rate to a potential of 30 volts for long storage periods or fully 
charged with weekly boost charge periods. Although no special operations were 
used to condition the batteries, they responded as expected when solar array 
power became available to charge them. 

Table 7-IV shows the Indicated percent of charge of the batteries just be- 
fore and one orbit after solar array beam deployment. The reading for battery 8 
In the table is abnormally low. This was a result of the ampere-hour integra- 
tion being Inadvertently reset to zero on Day 14, at which time It was reading 
45 percent charged. The ampere-hour meters for battery 8 were synchronized with 
the actual battery percent of charge on Day 29 and operated normally thereafter. 

Table 7-IV.- Laboratory Batteries' Percent of Charge 



Time, 
Gmt , 
hr:m1n 

State of charge, percent 

Day 

Battery 

1 

Batt'jry 

2 

Battery 

3 

Battery 

4 

BBai 

Battery 

6 

Battery 

7 

Battery 

8 

1 

17:00 

20:07 

45.8 

55.4 

45.8 

54.1 

50.7 

62.7 

48.3 

56.2 

96.2 

99.8 

99.0 

100 

95.5 

100 

0 

21.4 


Battery cyclic performance from the time of solar array deployment until 
the first command and service module undocked was good. In the course of the 
first manned period, 219 battery cycles were accumulated. Figure 7-14 shows a 
representative cycle profile of battery parameters. The charge voltage limita- 
tion mode occurring at this time resulted in some available power not being 
used, but the charge voltage on the battery was maintained at the proper level. 
This condition continued until cyclic battery inefficiencies were satisfied by 
returning more ampere-hours than were discharged (overcharge), at which time 
the charge automatically reverted to a maintenance trickle charge. The trickle 
charge continued until the next discharge period. 

The depth of discharge most commonly experienced during the first manned 
period wr.s 12 to 14 percent. Up to 30 percent discharge occurred during high 
activity periods or at vehicle attitudes other than solar inertial. A curve for 
a lb- to 18 -an 5 >ere discharge rate was obtained during performance of a battery 
capacity test on Day 106. For this test, the regulator output voltage was ad- 
justed to Increase the load on battery 8, and the solar array input was discon- 
nected from the power conditioner to maintain continuous battery discharge during 
the test. 

Besides the test on battery 8, a capacity test was also performed on battery 
6 on Day 105. Capacity of the batteries had been determined in ground tests by 
measuring the ampere-hours extracted at an 18-ampere discharge rate to an end 
voltage of 30 volts. The Inflight discharge procedure deviated from the ground 























practice in that the crew terminated the discharge when they detected a terminal 
voltage of 33 volts. The charger ampere-hour meter state-of-charge Indication 
was used to measure the obtained capacities during these discharges. The dis- 
charge characteristic exhibited at acceptance testing had in both of these tests 
changed to one in vrtiich an initial voltage plateau developed at a lower level 
than the single plateau of the acceptance characteristic. The final few data 
points before the termination of the inflight discharges indicated the develop- 
ment of a second lower plateau, which was compatible with ground test experience. 

Composite battery discharge data for the operating period from Day 76 through 
Day 135 were compared with the data from the first manned period. This indicated 
a detectable recession of the initial discharge characteristic plateau. This 
correlated with the previous inflight capacity discharge characteristics and with 
ground test results. During this period, some ampere-hour meters* readouts 
drifted from the actual state of charge of the batteries. A comparison was made 
of all the battery discharge terminal voltages for the same points in time during 
the ampere-hour meter drift period. Analysis showed comparable voltage levels 
for all the batteries. This consistency, with the lack of a voltage degradation 
trend, indicated that all the batteries were being fully charged, despite the 
ampere-hour meter indications. 

The batteries had accumulated 1683 discharge-charge cycles at the time the 
second crew departed on Day 135. The depth of discharge range most commonly ex- 
perienced during the second manned period was 13 to 16 percent. Forty-one Earth 
observation passes were performed during this period. Battery depths of discharge 
were generally greater during these times than during normal solar inertial oper- 
ation. The maximum depth of discharge experienced occurred during the final 
Earth observation pass when individu<tl discharge depths ranged from 36 to 42.7 
percent. 

Laboratory batteries are actively cooled. Parallel coolant flow at con- 
trolled temperatures is provided to coldplates for batteries 3, 4, 7, and 8. The 
coolant from these coldplates flows to the coldplates for batteries 1, 2, 5, and 
6, respectively, in such a manner that for each pair, the heat picked up from the 
first battery increases the coolant inlet temperature at the second battery. On 
Day 104, a coolant loop system operational change decreased the coolant mass flow 
by approximately 50 percent. The effects were detectable by an approximately 1®C 
increase in the operating temperatures of batteries 1, 2, 5, and 6. Changes in 
the temperatures of batteries 3, 4, 7, and 8 were too small to be detected in the 
telemetry scatter. Other than this detected increase, the indicated top-of-cell 
battery temperatures were comparab'^e to those experienced during the first manned 
period. 

Contingency planning called for discontinuing power conditioning during the 
third unmanned period in the event of coolant loop depletion. However, execution 
of this plan proved unnecessary, and the batteries cycled throughout the entire 
unmanned period. At the beginning of the third manned period, the batteries had 
accumulated 2486 cycles. The cycle depths, which averaged approximately 7 percent 
during this period, were less than those of the second linmanned period because of 
the independent operation of the two power systems and the load configuration used 
for the contingency plan. 

The battery discharge-charge cycle accumulation at the time the third crew 
departed on Day 271 was 3790 cycles. The discharge depths experienced during the 
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solar oriented periods ranged from 12 to 19 percent. Discharge depths near 
50 percent were common for the non-solar-inertial experiment orientations, 
with the maximum depth reaching 57 percent. Non-solar-oriented attitudes were 
established 110. times in the course of the mission for Earth observations and 
Comet Kohoutek observations. Failure of a control gyro n Day 194 resulted in 
more non-solar-oriented attitude time than normally would have been required 
to accomplish the desired observations. Battery performance was urlform and re- 
liable during tfe period. The batteries* ability to sustain the heavy depths 
of discharge dependably contributed to the high success level. 

Capacity discharges were performed on battery 6 at the beginning, in the 
middle, and at the end of the third mannea period. The first two discharges 
were performed according to the procedure that had been used in the second manned 
period, while the third discharge was continued until the battery terminal volt- 
age reached 30 volts. A consistent pattern of battery output voltage regulation 
degradation with increasing cycle accumulation was seen when the capacity dis- 
charge information from the third manned period was compared with earlier data. 

As part of the third crew's closeout of the Saturn Workshop, the electrical 
power system was configured for capacity testing of all batteries after the crew 
departure. This configuration allowed ground selection of any one of the eight 
batteries for discharge, established discharge rates near the ground test level, 
permitted continuous discharge of the selected battery to a 30-volt completion, 
and provided a self-limitation of battery discharge as the battery terminal 
voltage approached 29 volts. The self-limitation feature was desirable because 
ground station coverage could not be ensured at every critical discharge time. 

The flexibility of the control capability aided greatly in accomplishing the 
test objectives. 

All eight batteries were discharged to 30 volts during the end-of-mission 
test period. In addition, batteries 6 and 8 received a second full capacity 
discharge during this period. Three distinct discharge profiles were found to 
exist. Figure 7-15 depicts the discharge characteristics of all the batteries 
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Figure 7-15.- Discharge profiles at 380C cycle. 

except battery 6. The discharge characteristi ■ of battery 6, which was dis- 
charged to 30 volts shortly before the crew departed, are shown in figure 7-16. 
These figures are consistent with orevious ground test experience on units with 
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Ampere-hours removed 


Figure 7-16.- Battery 6 inflight capacity discharges. 


similar history, except for the duration of tne second voltage plateau, which 
begins at about 16 amp-hr. One possible factor contributing to this diffeience 
is the length of time the various batteries were in the vehicle before launch. 
Batteries 1 and were in the vehicle 22 days before launch, while the rest were 
installed od days before launch. The second voltage plateau for batteries 1 and 
4 was longer, and resulted in greater airpere-hour capacity. A comparison of the 
profiles xn figures 7-15 and 7-16 indicates that battery 6 had a slightly better 
performance characteristic than other batteries of similar history. Full capac- 
ity discharges on the subsequent discharge profiles can be seen in figure 7-16 
by comparing the 3736 cycl3 to the 3797 cycle and finally to the 3803 cycle. 

This same phenomenon was present in the end-of-mission capacity data for battery 8. 


Bus Voltage Regulators .- The charger normally inputs power to the re^ lator; 
however, a bypass switch allows the solar array power to feed directly to the 
regulator in the case of a charger malfunction. A potentiometer simultaneously 
adjusts the output of all regulators which are tied cO the same bus. This bus 
voltage adjustment is made to share bus loads properly. Fine adjustmeni (trim) 
potentiometers provide load sharing by the individuaJ regulators. 

Before launch the individual regulator potentiometers were set to a value 
that caused the batteries to discharge at a uniform rate. This was done to com- 
pensate for the variations in battery cells, differences in the individual circuit 
and component resistances, and diff- fences in regulator efficiencies. The regu- 
lators operated satisfactorily during all periods of operation from launch through 
the end of the first manned period. Regulated bus voltages were maintained within 
0 to 0.75 volt for all input voltage levels and loads. 

The effect.^ veness of the individual regulators in sharing the loads equally 
is shown in table 7-V, which tabulates the power provided by each power conditioner 
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Table 7-V.- Battery-Regulator Performance for One Orbital Night 


Pequl dtor 
C'us r u.*>Der 

Cattery 

Start 

VcUa .• 
lie 

of otscharge 

’ Current, 

ari'i^re: 

Lr>d of discharge 

Voltage, j Current, 

dc a*nperes 

"‘—I 

Mintmom 
percent 
State of 
charge 

• 

; 

41.78 

8 74 

38.32 

9.44 

88. S 

1 

2 

41 .79 

8.66 

38.23 

9.37 

88.1 

1 

3 

4^99 

8.5*2 

38.23 

9.38 

S8.5 

1 

1 

4 

4 :. 08 

P 

38.23 

9.39 

89 

2 

£ 

41.57 

8.97 

38.02 

10.15 

87,5 

2 

c 

41.68 

9.39 

3c. 03 

10.18 

86.3 

) 

7 

41. 8B 

9.30 1 

37 83 

10.97 

£".4 

■ 

g 

1 

41. 7F 

9.53 

i 1 

37.83 

11.27 

86.3 


during the dark portion of an orbit. As the battery voltage decreased near the 
end of discharge, the constant power demand of the regulators caused the dis- 
charge current to increase. Batteries supplying the input power to thesj regu- 
lator : exhibited a uniformity of voltage-current performance which made adjust- 
ment of fine trim rotentxometers unnecessary during the fi-st manued period. 
Several adjustments of the fine trir potentiometers were made during the second 
manned period foi the purpose of regulating the load demand with respect tu the 
available ar av power. No fine trim potentiometer adjustments were made neces- 
sary, however, by power module failure, voltage regulation drift, or instability. 

T\ bus voltege potentiometers were adjusted by the crew several times dur- 
ing the miscion to change the load sharing ratios between the laboratory and 
solar observatory electrical power systems. Open circuit voltage settings were 
calculated from computer simulation data for various load requirements. Per- 
formance eval ations of actual load sharing versus '^agulatc^ voltage settings 
verified the v " idity of these computations. 

Tb*. voltage regulator contains five power modules, which are redundant to 
meet iha high reliability requirements. Each module operates successively as 
rhe output curreu: demand is increased by a 13-ainpere increment. During Day 37 
and again on Day 125, the regulator bus load was great enough (approximately 15 
amperes per groun; to require twc oower modules in each rc^gulator to operate. 
These two pov^er modules operated satisfactorily- An apparent short or. the solar 
observatory television bus 2 on Day 83 resulted in a load of "ore than 200 am- 
peres on regular jr bus 2. This meant that four and possibly firs of the modules 
in each voltage regulator did operate for approximately 3 seconds. Voltage regu- 
lator temperatures, which ranged fr^^m -100 to *hlj®C, indicated normal regulator 
operatiua. 


7.2.3 Power Di tribe .ion 

Di stribution Networks .- The laboratory power distribution system provides 
electr. :al power to the docking adapter and workshop i^ads and, when rsquired, to 
the conmand and service module loads. Transfer of power to the command and ser- 
vice module requires that an umbilical cable be connected through the docking 
adapter- command module hatch. Transfer buses also supply power to or accept 
power frem the solar observatory power system in parallel operation. Figure ^-17 
is a diagram of the laboratory electrical power distribution system. 

Lsboratory power is distributed by a two-wire system and a series of in- 
terconnecting buses, switches , diodes, and sc-isors. Two »-edundant buses in the 
co.ua\and and service module distri jte power to its components. A single-poir t 
ground on the comznand and service module structure is used to eliminate ground 
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*^lgure 7-17.- Laboratory power discribution. 


loop effects. This is the only ground for the complete Skylab system when the 
command and service module and docking adapter power umbilical is connected. 
Sensing and control circuits are used to monitor and protect each system. The 
redundant command and service module direct rurrent electrical power buses in- 
terface with the transfer buses and are powered by the solar observatory and 
laboratory electrical power systems. Figure 7-18 shows the general location 
and layout of electrical panels in the airlock-docking adapter area, figure 
7-19 is a view of the panel shewing controls and displays used tor transfer 
and distribution of laboratory electrical power. 


iribution of electrical power within the Saturn Workshop was sati.3fac- 
Lorily accomplished. Voltage drop levels compared favorably with de ^gn data 
and test results. Power was supplied throughout the laboratory at levels suf- 
ficient to maintain the voltage between the required limits of 24 to 30 /dc 
The observed range of voltage on workshop buses 1 and 2 was 29.3 vdc maximum 
to 27.4 vdc minimum from leunch through the end of the mission. 


Distribution Control .- Control of laboratory power distribution is accom- 
plished by ground command or by manual operation by the crew. Status of the 
control and power configuration of equipment are displayed to the crew by meters 
and status lights, or by position, while telemetry systems monitor and provide 
this information to the ground controllers, 'fbe positions of the circuit breakers 
and switches for distribution control were not altered by bcosr vibration or com- 
mand and service module docking loads. All power circuitry was successfully 
operated w..^hout incurring any short circuits or discontinuities. All of these 
switches and circuit breakers contained within the laboratory performed properly, 
with one exception, during the mission. 
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Figure 7-18.- Laboratory electrical control and display panels 
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Other circuit protective devices used are circuit breakers for transfer 
current monitors and power distribution controls, fuses for voltmeters and 
regulator bus adjustment circuits, and resistors for telemetry of the workshop 
bus parameters. All protective devices met the requirements for safe and ade- 
quate power distribution. A few times circuit breakers tripped for no apparent 
reason; however, these were easily reset by the crew with no adverse effects on 
the mission. 


7.: SOLAR OBSERVATORY POWER SYSTEM 

The solar observatory electrical power system consists of a 4-wiag solar 
array, 18 power conditioners, distribution buses, and electrical loads- Addi- 
tional sensors, controls, and displays provide for system management. Under 
ideal conditions and with continuous sunlight in the solar inertial attitude, 
the solar arrays are capable of generating more than 11 kilowatts of electrical 
power. The solar array wings ar^ divided into 18 independent solar panels which 
provide power to the 18 power conditioners. These power conditioners accept the 
solar panel power outputs and distribute current to their batteries and voltage 
regulators. Each is connected to the two main power buses through isolation 
diodes. The system normally operates in parallel with the laboratory systen by 
means of transfer relays. The power transfer relays may be opened for inde- 
pendent electrical system operation in a contingency mode. The return buses for 
each system are permanently connected. 

The system demonstrated its capability to provide power to overcome the 
problems caused by the launch anomaly. System performance was stable and pre- 
dictable, and power output ?^t the design specifications; however, three power 
conditioners and two solar array panels experienced anomalies. 

7.3.1 Solar Array 

Each of the four wings is oriented at a 45-degree angle to the longitudinal 
axis of the workshop and consists of four panels and one half panel* The half 
panels are electrically paired to form 2 comple^'e panels, which with the other 
16 provide the 18 individuax solar power sources for the 18 power conditioners 
of the system. Figure 7-20 shows the nhysical characteristics of the solar array. 

The major factors affecting solar array outputs are essentially the same as 
those for the laboratory array. Figure 7-21 shows the solar irradiance for the 
mission period, it the beginning of the mission, the Earth was near its greatest 
distance from the Sun, so the solar irradiance was approximately 3 percent below 
the average value. However, at the end of the third manned period, the Earth was 
near its shortest distance from the Sun, resulting in a 3 percent increase in in- 
tensity. The resulting increase in power partially offset the effect of solar 
cell degradation occurring during the mission. Degradation of power output of 
the solar cells is caused by penetrating radiation (electron and proton flux), 
thermal cycling effects, micrometeoroid erosion, and surface contamination. 

Thermal Characteristics . - Data from 18 temperature transducers located at 
various places on tho solar observatory solar wings are used to estimate the 
operating temperature of each solar panel. Figure 7-22 shows typical panel tem- 
peratures measured for beta angles of 0, 60, and 73.5 degrees. The curve for a 
73.5 degree beta ang^e, or full sunlight, is included to show a typical orbit at 
a very high beta angle* 
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FiguTe 7-20.- Solar observatory solar array system configuration. 



Figure 7-21.- Solar irradiance at Earth distance from 
the Sun relative to mission tine. 


Two temperature sensors on panels 7 and 12 were either loose or operating 
intermittently. Temperature measurement uncertainties continued to be a problem 
during the third manned period. During the last 14 days of this perlot'. two 
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Figure 7-22*- Typical solar observatory solar panel temperatures. 


additional panel temperature sensors became faulty, necessitating estimation of 
true temperatures by use of indirect means. The faulty sensors were on panels 2 
and 13. 


Panel operating temperatures generally followed predicted patterns, but 
were significantly cooler because of the absence of reflected heat from the lost 
solar array wing. As early as Day 3, inconsistent temperature readings were ob- 
served. The sensors on panel 7 indicated a gradient of up to 40®C between the 
front and rear surfaces of the panel in contrast to gradients of 7 to 13®C for 
the mid-wing panels of wings 1, 3, and A. Also, temperature time profiles during 
different orbits and mission times indicated that the panel bacivside temperatures 
did not agree with predicted data lii most cases. 

The front and rear surface ten^jerature measurements on the solar panels do 
not necessarily reflect the solar cell operating temperatures. Calculations of 
maximum power degradation are sensitive to temperature. If unccrrected tempera- 
tures were used, degradation data dispersions of 20 to 30 percent were common 
between front and back panel measurements. Therefore, it was necessary to deter- 
mine the actual panel operating temperatures very accurately to reduce errors 
and consequent data dispersion. 

The Saturn Workshop was operated in a variety of non-solar-inertial atti- 
tudes for the first 13 days to reduce solar heating. Knowledge of the exact 
pointing angles and, consequently, consistent data were unavailable for this 
period. TTie pointing system could not compute the Sun pointing angles when the 
Sun sensor was pointed more than 25 degrees away from the Sun. Approximations 
of the Sun pointing angles were computed using the solar array power output 
shadow patterns and temperatures. This unusual use of the electrical system 
parameters provided data which allowed the attitude of the veliicle to be deter- 
mined. Data indicated that the attitudes calculated were within a few degrees 
of actual vehicle attitude. 

The solar panels were not designed to withstand temperatures below -70®C. 
Below this value, the stresses on solar cell interconnects increare rapidly 
with small changes in temperature. The orbital attitude between Day 1 and Day 12 
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resulted in many of the solar panels exceeding the -65 ®C lower limit of the 
qualification tests by 15*C or more. The exact number of cycles in which the 
lower temperature lindt was exceeded is not known. This severe exposure sig- 
nificantly reduced the electrical circuit reliability for the solar cells. 

Power Output .- ' • premission power requirement was 10.5 kilowatts at the 

beginning of the mission with a prediction of an 8.8 percent degradation from all 
causes by the end of the mission. Solar array performance for the 15 operating 
panels closely agreed with the preflight precictlons, as depicted in figure 7-23. 



During th<^ second manned period. Days 76 to 135, the solar Intensity in- 
creased from 135.8 to 139.4 mW/cm^, representing a maximum-power capability 
increase of 2.7 percent. On Day 232, during the third manned period, the 
Earth to Sun distance was at a minimum and the solar intensity increased tc 
144.9 nW/cm2, representing a power capability Increase of 6.7 percent from 
the start of the second manned period. 

Degradation .- Of the 13 panels, 15 operated continuously. Panel 3 ceased 
operating on Day 17 when its regulator failed, and remained off. Insufficient 
data points existed to establish a degradation trend for this panel. Panel 5 
was not operated after Day 123, when its charger malfunctioned, except for 
Earth observation maneuvers later in the mission. These panels were not in- 
cluded in the determination of the average degradation rate. Panel 15 was 
Inoperable for an extended period early in the first manned period. However, 
sufficient data were obtained to establish a degradation trend. 

Panel 8 started the mission with a power deficit of between 4 and 6 percent. 
The first reliable data were obtained during a solar inertial pass on Day 14. 
Panel 8 showed an additional loss of 6 percent. Solar panel 7, which is adjacent 
to panel 8, showed similar behavior. Initially, its power capability was 4 to 8 
percent greater than predicted by ground test data. On Day 14, panel 7 indicated 
a 10 percent power loss, or 3.5 percent below predicted. Panel 13 provided 6 
percent less power than predicted at launch and continued to degjade at a rate 
of 2.8 percent per month. 
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Intermittent power losses on panel 15 were first observed and recorded on 
Day 206* The step voltage changes which occurred seemed to be due to the cyclic 
successive opening of as many as two modules on the panel. The first voltage 
step, of 1.6 volts, occurred at 23 ®C. The second step, of 5 volts, occurred at 

30®C. The cumulative effect of the two steps was the equivalent of a loss of 

two solar cell modules. This resulted in a power loss measured in the constant 
current range of operation (13.4 amperes) of approximately 13 percent for the 
panel (0.8 percent for the array). The orbit-to-orbit regularity of the change 
suggests a thermal-related making and breaking of a connection v^ich intermit- 
tently open-circuited the module. The problem occurred late enough in the orbit 
each time to allow normal battery charging and not affect the mission during 
solar inertial operations. 

The panel 17 regulator output current was highly erratic. The fault, which 

reduced the regulator output to 20 percent capability, was isolated to the solar 

panel. The problem apparently was the result of a solar panel electrical short 
to the structure. This problem disappeared on Day 151. The degradation shown 
by the panels can be explained by expected failure mechanisms and by the ex- 
tremely low temperatures reached by the solar panels between Day 1 and Day 12, 
which often exceeded qualification test limits and could have significantly af- 
fected the degradation rate for each panel, depending upon its location and 
thermal characteristics. 

Some discoloration of the white thermal paint on the underside of the ^^ngs 
was observed by the first crew. They reported that the wing undersides were 
darkest near the solar observatory, becoming lighter toward the wing tips. 
Darkening of the paint caused a change in the thermal characteristics of the 
panels. However, the discoloration had no apparent effects. During the first 
crew’s docking, flyaround, and undocking maneuvers and the second crew’s docking 
maneuver, the array wings were exposed to thrus<"er exhaust. While the indi- 
vidual exposures were short, the total exposure during these maneuvers was 
sufficient to cause concern about accumulated contamination and flexing of the 
solar array wings due to mass impingement. Tilms taken during rendezvous, dock- 
ing, and flyarou'.d maneuvers indicate that the wings flexed as much as 1 foot 
at the tips in either direction as a result of impingement of exhaust from the 
command module thrusters. The mechanical stresses induced by this flexing on 
the solar panels could not be determined with the instrumentation available. 

The power capability status of the solar observatory array as of Day 269 
was assessed and compared with preflight performance measurements. The results 
are given in Table 7-VI. Based on the end-of-mission status, the average degra- 
dation rate over the entire mission was 0.9 percent per month. 

Table 7-VI.- Solar Observatory Solar Array Svstem Status 
At End of Mission 


Item 

Value 


Day 

269 

Note: Three panels were not 

Beta angle, degrees 

+15 

ccns1de*^d in the degradation 

Revolution 

3874 

calculation because of tern- 

Panel current, amperes (fixed) 

13.4 + 0.3 

perature transducer anomalies. 

Orbit po Itlon, minutes after sunrise 

19 * 

Also, the solar array panels 

Direct solar Intensity, mW/cm^ 

144.1 

for power conditioners 3 and 5 

Average panel temperature, 

41 

were not on line and thus were 

Power output, 16 panels, watts 

9596 

not considered. 

Average degradation for 13 panels, y .cent 

8.6 





7.3.2 Power Conditioners 


The power conditioners are similar to those in the laboratory system and 
are controlled by switch operation or digital address commands. The maximum 
power output of each module is approximately 415 watts. The redundancy afforded 
by the 18 power conditioners was capable of compensating for all electronic 
problems; however, multiple battery degradation caused some concern. The bat- 
tery degradation was a direct result of excessive discharge levels, improper 
charge regimes, and high battery temperatures that occurred when forced tj oper- 
ate at non-solar-inertial attitudes. Accelerated ground test data indicated 
that the batteries would recover by the beginning of the second manned period. 

Twice during the mission, the power capability of the power system was 
exceeded, causing the depletion of battery power in eight conditioners. This 
resulted in automatic battery disconnect. The first time this happened, an un- 
expected automatic regulator trip occurred upon entry into sunlight, which 
caused the input power contactor to disconnect the solar array from conditioner 
15. The contactor failed in this position, probably because of debris or me- 
chanical failure. Confidence in the contactor was not affected, however, as 
some test units had been operated for more than 250,000 cycles. 

Chargers . - The charger is a stepdown, single-ended regulator which condi- 
tions the inputs from the solar array source to the level required for charging 
the battery while achieving maximum use of array power. The solar arrays feed 
power to the charger and bus regulator in parallel. The regulator load demands 
are supplied first, and the remaining power charges the batteries. The charger 
senses solar array voltage and current, battery temperature, charge current, 
electrode voltage, and output voltage for charge control. All chargers func- 
tioned normally until Day 123, when the battery charger of power conditioner 5 
failed while charging, causing the overvoltage sensor to disconnect the bat- 
tery automatically from the system. The failure allowed the solar array power 
to feed directly to the battery without conditioning. Power conditioner 5 was 
not used again until near the end of the mission. A workaround was developed 
to combine the power condi^'ioner 5 regulator and the power conditioner 3 charger 
and battery by use of jumpers. This modification was carried up by the third 
crew but was not implemented. 

Near the end of the third manned period, in a critical power situation 
during Earth observation operations, power conditioner 5 was turned on to pro- 
vide added power, since the charger failure mode basically allowed the charge 
voltage to exceed the maximum programed voltage by 1 volt. Automatic disconnect 
circuits terminated the charge at this point. The power conditioner functioned 
under these conditions and maintained the battery operating parameters within 
their safe limits. 

Batteries .- Each battery consists of 24 nickel-cadmium, 4-electrode, her- 
metically sealed cells connected in series. Two electrodes in each cell provide 
sensing for charge contro) ; the third electrode recombines hydrogen and oxygen 
to prevent excessive internal cell pressure and discharges the fourth electrode. 

Each has a rating of 20 amp-hr when fully charged. The operating voltage 
is 24 to 32.5 vdc when discharged in the load range of 0 to 10 amperes. The 
life requirement is 4000 discharge-charge cycles at an average maximum depth of 



F 


7-34 




discharge of 30 percent. Automatic electrical heaters and passive cooling are 
used to control battery temperatures. Flag indicators on the control and display 
console alert the crew to high or low voltage, high or low temperature, or ; 

failure to recharge the battery. 

The batteries were sized to provide an average of 220 watts each with peak J 

anticipated loads of 540 watts. This load is equivalent to a 20 percent depth 
of discharge. Maximum allowable discharge at any time was limited to 50 percent, 

Anticipated battery temperatures for the mission were between 0 and 20®C. ^ 

To achieve optimum battery performance, a charge was used which ensured the 
maximum available capacity and cyclic efficiency with minimum charging time and ^ 

cyclic heat generation. Critical charging parameters were the initial high-rate ^ 

charge, the voltage level at which the charger switches to low rate, and the 
third-electrode-generated charge termination. Charging was also terminated if 
the temperature limit v as exceeded. Figure 7-24 shows the desired battery charg' ! 

ing method. 



Figure 7-24.- Battery cliarge method. 


After the power systems were paralleled on Day 1 and all laboratory output 
power was disconnected from the buses, the solar observatory power system pro- 
vided all the power until Day 25. During thij time, the batteries were managed 
with energy balance as the goal; however, the batteries were allowe ’ :.o go below 
energy balance during many orbits. The attitude was constrained mg the first 
unmanned period so that the batteries were recharged before resu.uxng the pre- 
ferred thermal at til . i. 

Deepest aischarges were observed on Day 17 following the first Earth observa- 
tion pass with battery 11 discharging 54 percent. Battery 11 s'* so experienced 
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the maximum battery discharge rate that occurred during the mission (14,2 am- 
peres). The maximum allowable rate was 20 amperes- In this period 4 regula- 
tors had been shut ofr, and the remaining 14 batteries provided all of the 
required power. 

Specific power conditioner outputs were turned off during charging to 
allow the batteries to recharge at a higlier rate. Power conditioners 5 and 6 
required extensive management because of canister shadowing of their array 
panels when the vehicle was out of the solar inertial attitude. 

Battery cycling performance from the time of the workshop solar array 
wing deployment until the undocking of the first crew was satisfactory. During 
the first unmanned period 166 cycles were accumulated j and 420 cycles were accu- 
mulated during the first manned period. The discharge and cnarge n^oces of bat- 
tery operation were as predicted for the lower discharges after Day 25. The 
depth of discharge experienced during the first manned period was 25 to 32 per- 
cent before the wing deployment. Afterward, the discharge was between 0 and 23 
percent. Continuous sunlight was available to power the vehicle for the initial 
4 days of the second unmanned period because of the high beta angles. The bat- 
teries were trickle charged for this time. Charge and discharge cycles started 
again on Day 44, and the total accumulated cycles reached 1137 by the end of the 
period. The batteries had 2054 flight cycles at the time the second crew de- 
parted on Day 135. The discharge depths during the second manned period were 

14 to 24 percent, except during Earth observation passes when they were as high 
as 50 percent. The cycles nad reached 2853 by the end of the third unmanned 
period and 4108 when the third crew left. 

Capacity tests during the second manned period were run on five different 
batteries to determine an acceptable limit to which the batteries could be dis- 
charged. Capacity was determined by integrating the battery current over the 
total discharge period. The tests were run again on batteries 10 and i8 or 
Day 195. However, these tests were run at a lower rate than the other tests, 
which invalidated the results. These tests were successfully rerun on Day 229. 
During the final week of the mission, ground control per d capacity-discharge 
tests on the 16 operating Lat^-eries. Previous tescs h run to the talk- 

back level (27.5 volts), and a ”worst-case** value of 1 . -r ♦ .r was added to the 

capacity obtained to determine probable usable capacity .j.3 W' ion* ^ pre- 
vent possible problems in reconnecting the power conditxv — oi. tney auto- 
matically disconnect. These final tests were run to autom' j^nect. 

Except for battery 7, the 1.1 ar^p-hr factor used on previo. ^^iis more 

than adequate. These results are shown in tables 7-VIT anr v... i. 

This loss of capacity characteristic was first observed on Day 17 when, 
during an Earth observation pass, several batteries were automatically discon- 
nected because of low voltage. The capacity, which was expected to be at least 

15 amp-hr, was approximately 8 amp-hr. Subsequent average capacity checks on 
Day 122 (11 amp-hr) and Day 229 (10 amp- nr) indicated that the available capac- 
ity increased after Day 17 and remained near that predicted during the remainder 
or the mission. The capacity losses are shown in figure 7-25. Although the 
capacity loss did not seriously affect the missiou, it was unexpected and unex- 
p4.ained. 

The evaluation of the capacity loss requires the definition of two factors, 
memory and fading. Memory is a capacity loss which has been demonstrated to be 
recoverable. The memory variables are temperature and discharge. Fading is 
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Table 7-VIl,- Battery Capacity Tests 


Battery 

Mission day 

-1 

Capacity 
(estimated to 
jutodisconnoct) , 
amp-hr 


7 

03 

i?.i 

note; A crewman monitored each test 

10 

102 

^2.4 

and terminated battery discharge 

18 

102 

13.1 

when he observed the battery voltage 

5 

104 

12.1 

flag which indicated battery voltage 

8 

104 

12.5 

of 27.5 volts. 1.1 amp-hr was added 

10 

105 

12.2 

to the measured cdpacity to obtain 

18 ^ 

105 

12.9 

total capacity which would result if 

10 

118 

• ^ 

the battery was allowed to discharge 


119 

. lit. 4 

to automatic disconnect at 26.4 

10 

122 

11 5 

vol ts. 

5 1 

122 

^ n ^ 


10 

195 

3.0 r .n at low 


18 I 

195 

' 13.0 d 1 sc'kirujp ►'ate ) 


10 

229 

I 9.;: 


18 * 

229 

i 10.66 
1 



Table 7-VIII*- Fuu-of-Mission Battery Tests 




Capac 1 ty , 

amp-liT 

Capacity differences 
between talkback and 
automatic disconnect, 
amp-hr 

BattPry 

Day 

At voltage talkb..c^ 
level (2^5 volts) 

At automatic 
disconnect 

1 

267 

7.8 

9.7 

1 .9 

9 

255 

llo data 

10.9 

- 

4 

268 

10.0 

11.4 

1 .4 

6 

270 

7.7 

9,5 

1 .8 

7 

269 

6.2 

7.2 

1.0 

8 

267 

7.5 

8.9 

1 .4 

9 

267 

8.8 

11.5 

1.7 

10 

265 

7.2 ! 

11 .9 

4.7 

11 

268 

8.3 

10.0 

1.7 

12 

268 

9.0 i 

11.1 

2.1 

13 

265 

No data 

9.8 

- 

14 1 

266 

No data 

11.2 

- 

15 I 

270 

10.1 

11.6 

1.5 

1 6 

269 

6.9 

8.7 

1.8 

1/ 

269 

No data 

8.9 

- 

18 

265 J 

7.8 

11 .5 i 

3.7 

Average 


8.1 

10.2 j 

1 LJ 


defined as a permanent less in capacity and is essentially a form of accelerated 
aging* Fading remains a subject of investigation to determine in quantitative 
terms what thv'^ relationshj.ps to mission conditions are. This information will 
be of considerable importance in future long term space missions. 

The other bctteiy parameters, such as recharge fraction, efficiency, and 
third-electrode controls, remained relatively constant throughout the mission. 

Life test data confirmed these observations. The recharge fraction remained 
approximately liO percent at a 20 pei^cent depth of discharge at 10*^0 with a 
corresponding efficiency of 80 percent. A change in the characteristics of 
battery 9 occurred during the tnird manned period which resulted in the battery 
not being recharged following each dark period. This occurred only at beta angles 
greater than 60 degrees, which corresponded to ^ dark period of less than 20 
minutes. These short discharge periods did not discharge the battery enough to 
cause the third-electrode voltage to drop below 200 milliv^'s. This inhibited 
the charger through the next daylight cycle. During the s > cquent dark period 
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Figure 7-25.- Solar obs'^rvacory batteries* capacity degradation. 

the battery was discharged further, removing the luQ millivolts signal from 
the third electrode, allowing norms^l charger operation. In effect, this con- 
dition resulted in two battery discharges for one charge. Altnoug*: the cycles 
were not normal, the battery was not being abased and could function indefi- 
nitely in this mode. Normal cyclic operation resumed when the discharge time 
agar .1 became greater than 20 minutes. 

Regulators .- A wide range of input voltages (25.5 to 80 vdc) must be 
regulated for use. Each regulator is a single-ended switching circuit which 
increases or decreases the input voltage by employing dump-cr-store regulation 
to maintain the required output Input voltages are supplied by either the 
solar array or the batteries. Output voltages are maintained between 30.4 vdc 
at no load and 27.1 v-c at full load, which is current-limited to 20 amperes 
maximum even under output short cir^-uit conditions. Sensing is provided to 
activate a crew alert indicator if regulator out. «:t increases to 31.8 +0.2 vdc 
or drops bex 3 w 20 +1 vd^ 

Circuit, protection logic automatically removes the regulator from the line 
if the outpat voltage exceeds 31.8 ^.2 vdc. Automatic r..*:overy is not provided. 
The regulator may be brought back on tne line when the output voltage returns to 
acceptable limits by first turning it off and then turning it on. This control 
can be accomplished by switches on the control and display console, by the digi- 
tal address system keyboard, and by ground command. 

The only regulator failure noted during the mission was in power condit.^oner 
3. A failed component in the control circuit on Oay 17 .:aused the loss of out- 
put. Onboard status lights indicated the ''regulator on'* command was getting to 
the ’init, All other functions of the power conditioner were normal. Also on 
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Day 17 and subsequently during the mission, fluctuations of +1 ampere in the 
regulator 4 current were noted. The problem was believed to be caused by an 
open capacitor used in an internal RF filter. The fluctuations were not evi- 
dent on the load bus and had no effect on total performance. Average regula- 
tor efficiency was measured using the main bus voltage. Using a 20 percent 
depth of discharge and attributing battery diode loss against the system as a 
whole, the regulator efficiency was calculated to be 92.4 percent during sun- 
light periods and 89.3 percent during the dark portions of the orbits. 

During the mission it was noted tnat the depth of discharge of battery 11 
was greater than that o: the other batteries. This was explained by the fact 
that the re^' Lator ch*- "teristics of power conditioner 11 when it was ground 
tested shcvre,; tiiat it -ended to provide slightly higher output power than the 
;,»thers. The 'c^er sharing circuit was tested at the end of the mission by 
switching boL.i primary and secondary remote sensing circuits off and observing 
the anticipated 0.3 volt drop in bus voltage predicted from premission ground 
testing. 


7.3.3 Power Distribution 


Distribution Networks .- The solar observatory power distribution system 
consists of 2 main power buses fed directly from the 18 power conditioners. 
Downstream are several redundant subsidiary buses which supply their respective 
subsystem electrical equipment. Power is distributed through the power transfer 
distributor, main power distributor, auxiliary power distributor, six control 
distributors, and three measuring distributors. Figure 7-26 is a diagram of the 
solar observatory electrical power distribution system. Figure 7-27 shows the 
electrical system controls and monitors located on the solar observatory control 
and display panel in the docking adapter. 



Figure 7-26.- Solar observatory power distribution. 

The solar observatory power distribution networks .aet all mission requira- 
ments with one exception. On Day 183 a 500-ampere current spike was observed on 
television bus 2 for 3 seconds. The bus voltage went to zero. After considerable 
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Figure 1 - 11 ,- Closeup of solar observatory 

electrical controls and displays. 


ground analysis and simulator testing, it was determined that a hard short from 
the bus to the ground had occurred in the power transfer distributor. Power 
feeder lines, although protected by fuses, could not sustain the short. The 
location of the short and the extent of the damage could not be assessed. The 
television bus 1 was sufficient to provide pov/er for the remainder of the missiort, 

A workaround cable was provided for the third crew as a backup to television bus 1, 
but was not used. 

After the third crew’s departure and before the final vehicle powerdoim, a 
brief period of time was allotted for conducting electrical power distribution 
closeout tests. The electrical system bus redundancy design was tested to check 
its reliability. The procedure consisted of alternately turning off each stbcys- 
tem’s redundant bus. Telemetry responses monitored during this time confirnk^d 
that all subsystem loads remained active while the buses were cycled except for 
the television system. The test verified that the secondary television bus had 
been lost because of the Siiart on the bus during Day 83, The primary measuring 
bus operated without degruJatlon throughout the entire mission. The secondary 
measuring suppV was activat'^d to determine its capability. Activation was suc- 
cessful and there was no noticeable degradation* 
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Distribution Control .- Control of the solar observatory poifer distribution 
Is accomplished by ground command or manual operation by the crew« Status of the 
control and of the equipment power configuration Is displayed to the crew by on- 
board meters and status lights and Is telemetered to the ground. This dual capa- 
bility gives the crew control while relieving them of routine operations, ««hlch 
are performed by ground control, and also provides system and experiment opera- 
tion capabilities during the unmanned periods of the mission. 

Controls, monitors, onboard displays, and telemetry of bus voltages and 
currents provided satisfactory operation of the power distribution system, with 
the following exceptions. Overall circuit control was satisfactory except that 
the X-ray spectrograph's main power could not be turned off by normal procedure 
and the doors of the X-ray spectrograph, ultraviolet scanning polychromator spec- 
trohellometer, and X-ray telescope failed to operate at various periods during 
the mission. This was largely due to faulty relays in the switch selectors or 
mechanical friction on the doors. On Day 144, after the issuance of several 
"main power off" commands to the ultraviolet scanning instrument, the experi- 
ment's power remained on. Ihese couanands were sent from the ground during the 
third unmanned period. During the third manned period panel activation on Day 
187, the ultraviolet scanning instrument was configured to operate on secondary 
power, and no further onboard troubleshooting was attempted. 

After the third crew's departure the primary hydrogen alpha 2 door motor 
logic circuitry was tested to verify the operational status of the primary motor 
circuitry and motor. The procedure called for inhibiting both primary and sec- 
ondary motor power and reenabling the primary circuitry. Reenabling of the 
primary circuitry failed to produce a door motion indicator signal, indicating 
the loss of the primary drive circuitry. A possible cause could have been a 
short in the drive motor or associated circuitry resulting in a blown fuse. 

Also, the X-ray spectrograph and ultraviolet scanning instrument command capa- 
bilities were investigated further. The test procedures served primarily as 
additional troubleshooting to determine why the ground could not command each 
experiment Instrument's main power off. Ground commands were Issued to turn 
off each Instrument's main power, and real-time data weri analyzed. .Analysis 
of the X-ray spectrograph problem indicates the most probable cause was a power 
relay which failed In the set position, since both ground and earlier panel 
commands to deactivate were unsuccessful. Because of limited feasible trouble- 
shooting approaches, only suppos'*.tlons about the ultraviolet scanning instrument 
problem can be drawn. Probable causes were a relay failure or an open circuit 
in the command line to either of the two relays Involved. 

Protection .- Circuit breakers and fuses provide circuit protection for 
the power system. All wire Is protected to limit wire temperature to less than 
200*C. Diodes provide circuit isolation. The sizing of these components al- 
lowed enough power to be applied to all end items operated during the mission 
while providing the necessary vehicle wiring protection. Experiment door motor 
protection circuits use timers to automatically Inhibit power to the windings 
after approximately 60 seconds If a door falls to operate because it is stuck 
or jammed. 

Circuit protective devices and designs provided safe and adequate power 
distribution and control through the mission. However, as mentioned previously, 
the fuses apparently could not provide the reaction time required during the 
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hard television bus short, and there vas damage to that feeder. This was sus- 
pected since several discrepancies affecting panel control and monitoring of the 
potrer system occurred. These possibly could have been caused by debris from the 
short. 


7.4 PARALLEL OPERATIONS 

The major controls involved In the parallel operation of the two power sys- 
tems are those required for normal paralleling sequence, for disconnecting the 
power lines In the event of an emergency, and for power sharing. The connections 
between the solar observatory buses and the laboratory buses are accomplished by 
circuit breakers and relays. The relays are controlled by the transfer switches. 
These switches are normally controlled from the ground. Hanutil switches are 
provided so that the crew may disconnect all loads from the power system Involved 
In the event of a fire or a low bus voltage condition. The laboratory electrical 
system has two switches that remove all power except for essential loads on con- 
trol buses. The solar observatory electrical system has an emergency switch 
which deenergizes all solar observatory loads and also opens the transfer bus 
ties. Onboard monitoring of the current flowing between the solar observatory 
and transfer buses Is provided. Other parameters required to evaluate the par- 
allel operation of the power systems, laboratory regulator bus voltages and cur- 
rents, and transfer bus voltages are also displayed. 

The power sharing between the solar observatory and laboratory electrical 
power systems is controlled by adjusting the voltage of the laboratory power 
system. The laboratory regulator bus voltages vary according to load demands 
on the system. Predicted values of paralleled power capabilities are derived 
by assuming an open circuit voltage, which Is constant. The open circuit volt- 
age is defined as the regulators' outputs under a no-load condition, The char- 
acteristic voltage decrease of the regulator outputs in the normal cperatlng 
range is 0.01 volt for each ampere of load current. The equivalent open circuit 
voltage is derived by adding the actual regulator bus voltage and 0.01 times the 
bus load current. For example, for a regulator bus voltage of 28.67 vdc and a 
bus current of 43 amperes, the equivalent open circuit voltage Is 2€.67 plus 
0 .h 3, or 2S.1 volts. The required open circuit voltage to provide the proper 
load sharing for a given condition is computed, and the amount of acjustment of 
the regulator output control to achieve this value is specified. TlAs adjust- 
ment is made by the crew by turning the onboard potentiometers to the prescribed 
setting. The adjustment cannot be controlled by the ground control ,.ers. 

The Intent of the original open circuit voltage setting was to limit the 
maj;imum depth of discharge to 30 percent on the solar observatory batteries and 
15 percent on the laboratory batteries. The lesser depth of discharge allowed 
for the laboratory batteries was specified because of the loss of the solar 
array wing 2 power. To ensure that these depth-of-discharge constraints would 
not be violated, an open circuit voltage setting of 29 vdc was selected. The 
total capability of the electrical power systems at this setting was adequate 
to supply the total load requirements ot the first manned period with a 500-watt 
positive power margin. This setting was revised at various intervals throughout 
the mission to satisfy load requirements under changing conditions. 

Because s lue of the command and service module's equipment requires con- 
tinuous operation, Its power system was paralleled with the S;.turn Workshop sys- 
tems before Its fuel cell power system was shut down. There was no evidence of 



7-42 


degradation oi any electrical power system parameters resulting from these par- 
allel operations. Power transfer to the command and service module buses was 
as high as 2700 watts during checkout and reentry simulation. Power transferred 
from the laboratory power system after it was activated was as high as 450 watts. 
These values do not include the short that occurred on the solar observatory 
television bus 2 on Day 83. Enough po’^/er was provided to this short by the com- 
blned power system to clear the short in approxiaitely 3 seconds. 

7.5 ANOMALIES 

The anomalies described in this section were the results of component fail- 
ures in equipment in inaccessible locations, making examinations of failed items 
unfeasible. Tests, simulations, and data analysis permitted in most cases a lo- 
calization of the failure. The use of power margin management and an alternate 
power distribution bus allowed satisfactory performance of the electrical power 
systems throughout the mission. 


7.5.1 Solar Array Power 

Solar observatory solar array power output from several panels showed step 
changes. Simulation tests performed on the ground equipment and evaluation of 
flight data supported the theory of open or short circuits in one or more of the 
modules in some of the panels. The extreme temperatures early in the mission and 
disturbances from the command and service module thrusters during flyarounds 
probably account for most of the failures. 

7.5.2 Power Conditioners 

There were three problems associated with the solar observatory power condi- 
tioners. Figure 7-28 is a simplified schematic of the locations of the affected 
power conditioners* suspected fault areas. 


Relative area of power . 
conditioner 15 failure 


SoUrirr^yi W 


Relative area of power 
conditioner 3 failure 


Relative area of power 
conditioner 5 failure 



Trickle c^er9e 


System or. 
Ch«r9er on 
Charger off 
Regulator on 
ReguUtor off 


Figure 7-28.- Solar observatory power conditioner areas 
of suspected faults. 


Regulator 3 ceased to deliver power on Day 17. All other functions of power 
conditioner 3 were normal. Talk>'ack from the regulator command was received, and 
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there was no other indication of a short circuit or high current chat might re- 
' suit from a power component failure. It was concluded that the failure resulted 

< from a connection or component failure in the regulator control circuit. 

j 

i Charger 5 failed on Day 123. Evaluation of the data and crew trouble- 

• shooting indicated that the power conditioner 5 input bus was shorted to the bat- 

tery relay. The most likely cause was a short in one of the charger transistors; 

; however, it could have been a battery isolation diode failure. This short caused 

\ the solar panel output to be tied directly to the battery, so that the battery 

! would be charged until the high voltage cutoff sensor automatically disconnected 

the battery. Since the charger could not be repaired, the charger and regulator 
were turned off for the remainder of the mission, except for three Earth observa- 
lion passes tdien additional power was required and charging termination was com- 
manded from the ground. 

There was no solar panel input power to power conditioner 15 on Day 12. The 
solar array contactor had tripped open when the conditioner had automatically dis- 
connected from the power bus by the low voltage sensing circuitry. Repeated ef- 
forts to close the contactor were without success. Past experiences and ground 
tests Indicated that a crewman should mechanically shock the case at a predeter- 
mined point during the next scheduled extravehicular activity. This action re- 

stored normal operation, which lasted for the remainder of the mission. 

7.5.3 Television Power Bus 

There was a command and service module master caution and warning alarm on 
Day 83. This was followed 1 second later by a 500-ampere current spike on tele- 
vision bus 2. One second after this, the fine Sun sensor wedge-position count 
and the television bus 2 voltage went to zero. Investigation of the television 
bus short ci’-cuit fault included determination of the possibility of other wiring 
or components being damaged, and the correlation of other vehicle systems and ex- 
periment systems data with this anomaly. Analysis of all power feeder lines from 
the power transfer distributor was performed. Tests were conducted on the ground 
on 10-ampere and 15-ampere fuses, and on the current handling capacity of size 15 
and 20 vrtre. Testing of the television bus 2 circuitry was performed in the pro- 
totype power transfer distributor. The test wires burned open in 1.8 to 2 sec- 
onds at 355 amperes, scattering copper debris Inside the distributor. Adjacent 
wires were not burned open, and the bus arrangement withstood the current surges. 

It was concluded that a hard short from television bus 2 to ground had oc- 
curred in the power transfer distributor, resulting in the loss of the voltage 
telemetry signal for that bus and loss of the bus. The location of the short and 
the extent of the damage could not be assessed. 
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SECTION 8 
THERMAL CONTROL 


The Saturn Workshop is heated by solar and Earth radiation. Additional 
heat comes from equipment operation and crew metabolism. Temperatures could 
range widely, but are controlled within the ranges required for materials, 
equipment <^aracteristics, and crew comfort by a combination of active and 
passive systems. Passive systems control the gross rate at «4ilch heat enters 
and leaves the laboratory, and active systems provide additional control and 
proper heat distribution. Auxiliary systems provide suit coolln", equipment 
cooling, and refrigeration. These systems are described and their perform- 
ances evaluated. The laboratory and solar observatory systems are largely 
independent and are treated separately, as are some auxiliary systems. System 
anomalies are discussed in some detail, and additional information is contained 
in references 8, 9, and 10. 

8.1 LABORATORY THERMAL CONTROL 

8.1.1 Passive Thermal Control 



i 


Insulation, surface coatings, and other passive elements perform a major 
role in keeping ten^eratures within the laboratory at acceptable values. The 
basic insulating materials are fiberglass reinforced polyurethane foam, fiber- 
glass, and multilayer insulation (fig. 8-1). Fiberglass curtains on the airlock 
both insulate it and protect against penetration by micrometeoroids. The mete- 
oroid curtain has an off-white fiberglass cloth exterior facing and is gold coated 
on the other facing. 


Absorptance » 0.93 

Emittance * 0.9 Eniittance - 0.9 



Figure 8-1.- Surface coatings and insulation. 
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The thermal curtain is impregnated with Viton rubber on one face and has a gold 
coating on the other face. Multilayer Insulation on the workshop forward dome 
(fig. 8-2) consists of 48 layers of aluminized Mylar and Dacron net, held to- 
gether by nylon buttons. Its insulating properties derive from the low rate of 
radiant heat transfer between the highly reflective aluminum surfaces while in a 
vacuum environment. Similar multilayer insulation coders the outside of the pres- 
sure vessel of the docking adapter, except that the insulation on the docking 
adapter is 91 layers thick, and is surrounded by the meteoroid shield and radia- 
tor. To be effective, multilayer insulation must first be evacuated to eliminate 
conduction between layers. Before launch, the insulation was purged with dry ni- 
trogen, and evacuation took place during launch. Other kinds of thermal isola- 
tion help to control heat transfer locally. Fiberglass washers in the airlock 
insulate bulkhead fittings and cooling sy^stem component", from supporting struc- 
tures, Insulated clamps support some coolant lines, and coolant lines are wrapped 
with insulation. 

Analyses indicated no significant 
change in properties of the polyurethane 
foam during the mission. Apparent heat 
losses to the waste tank from the work- 
shop through the common bulkhead were 
less than predicted, which was partially 
the result of higher temperatures in the 
waste tunk than had been anticipated. 

The airlock fiberglass curtains effec- 
tively limited heat transfer to the de- 
sired values, as indicated by acceptable 
wall temperatures. The inner surface of 
the docking adcpter also remained at ac- 
ceptable temperatures. Indicating that 
the insulation was suitable. The thermal 
conductance of the workshop insulation co'.ld be calculated using flight tempera- 
tures and calculated values of heat flux through the foam on the inner surface. 

The values determined at several points on the forward dome ranged from 0.0061 to 
0.01 Btu/hr-f t^-®F, all less than the allowable maximum value of 0.02 Btu/hr-f t^-®F. 
The differences from estimated values were probably due to variations in the mech- 
anical fasteners holding the insulation in place. 

External surface coatings have two important thermal characteristics. The 
solar abscrptance determines the fraction of Incident sunlight (direct and re- 
flected) which the surface absorbs; the infrared emittance determines the rates 
at which heat is radiated from the surface and gained by the surface from low- 
temperature sources (such as the Earth). Black, white, and aluminum paints cover 
all external surfaces of the workshop in a pattern (fig. 8-3) making the best use 
of the surface properties of the paints to control losses and gains of beat. 

Zinc oxide is the pigment in the two types of white paint used. One paint uses 
potassium silicate as a bonding agent, and the other uses a silicone material. 

White paint using potassium silicate as a bonding agent is applied to the 
inactive side of the workshop solar array panels. When applied, this paint had 
a solar absorptance of 0.18 and an infrared emittance of 0.9. There was appar- 
ently no degradation of this paint. White paint using silicone as a bonding 
agent was applied to the last 3 feet of the workshop aft skirt and to part of 
the meteoroid shield surrounding the workshop. 
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Figure 8~3.- Workshop external paint pattern. 

The meteoroid shield that was to have protected the cylindrical part of the 
workshop was also to have served as a thermal radiation barrier. The workshop 
under the shield is wrapped with a gold-coated Kapton tape. Gold was selected 
because its low infrared emissivity, approximately 0.03 when applied, would limit 
radiant interchange between the workshop surface and the shield. Loss of the 
shield duiing launch exposed part of the gold surface to direct sunlight. The 
coating's solar absorptance was approximately 0.15, much higher than its infra- 
red emissivity, so its equilibrium temperature would have been over 400**F in the 
solar inertial attitude. The surface suffered some damage from scraping, by the 
meteoroid shield when it was lost, from impingement of exhaust gases from the 
separation retrorockets, and from aerodynamic and solar heating. Both the infra- 
red emittance and the solar absorptance increased because of these effects. Esti- 
mates made from measured tanperatures indicated final values of solar absorptance 
between 0.3 and 0.35 and infrared emittance between 0.06 and 0.1. 

Temperatures in the workshop started to rise as soon as the Saturn Workshop 
reached orbit (fig. 8-4). As long as the gold surface was exposed, temperatures 
in the workshop could be limited only by increasing the incident angle of the 
sunlight. The Saturn Workshop was maneuvered as described in 3.2 to minimize 
problems until the first crew deployed the parasol thermal shield on Day 13. 

Mean internal temperatures began to decrease immediately from the 130“F maximum, 
and were stabilized in the 73 to 85**F range during the first manned period (fig. 
8-5). The twin-pole thermal shield deployed on Day 85 provided enough additional 
surface coverage to decrease temperatures to a range of 71 to 76®F during the 
second manned period. Because of longer daylight orbits and a considerable num- 
ber of experiment maneuvers which required rolling the shield away from the Sun, 
workshop temperatures ranged between 71 and 82“F during the third manned period. 

There were some locations inside the workshop where temperatures could still 
have dropped low enough to cause condensation. Heat pipes, which require neither 
external power nor control, transport heat from warm places to these potentially 
cold spots. These pipes are sealed aluminum tubes containing freon and lined 
with a wlcklng material. Liquid Freon evaporates at the warm end and vapor con- 
denses at the cool end. The condensate flows by capillary action to the warm end. 
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Figure 8-A.- Average workshop teiq>erature through Day 15. 

Since liquid and gas are at virtually the same pressure, they are essentially at 
thermal equilibrium, so a nearly uniform temperature prevails throughout the heat 
pipe. Loss of the meteoroid shield changed the temperature distribution near the 
heat pipes and prevented determination of their effectiveness. 



Figure 8-5.- Average workshop temperature from Thermal shield 
deployment through Day 75. 
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8,1.2 Active Thermal Control 

Heat from the walls and equipment, unless it is removed in some other way, 
enters the atmosphere of the laboratory. Part of the heat produced by the crew- 
men also enters the atmosphere directly, and the remainder enters in the form 
of water vapor. Redistribution of some of this heat and rejection of the excess 
heat is accomplished by the active thermal control system. 

A low-viscosity silicone ester circulating fluid, Coolanol 15, transports 
heat from the interior to an external radiator through two independent, parallel, 
nearly identical loops, designated the primary and secondary cooling loops (fig. 
8-6) . The coolant flows through heat exchangers for cooling and dehumidifying 
the atmosphere, through cold plates attached to equipment, and through a radiator 
for rejecting heat to space. There are also additional heat exchangers in which 
the coolant removes heat from fluid used in auxiliary cooling loops that have no 
external radiators of their own. The coolant loops also include such necessary 
items as pumps and valves. Wax-'fllled thermal capacitors store heat during the 
daylight side of the orbit when the radiator outlet temperature is warmer than 
the wax in the capacitor. Either loop can furnish the required cooling, and crit- 
ical items in each loop are duplicated to increase reliability and flexibility. 



Each coolant loop has three gear pumps plumbed in parallel which may be op- 
erated singly or in pairs. Three inverters are installed in each loop to provide 
the required alternating current. Each p ii.p can be operated from either of two 
different inverters, and if two pumps are . ^.qulred in the loop they are operated 
from the same inverter. This Increases th'^ operating flexibility, since only 
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particular combinations of pump and inverter failures can make the loop inopera- 
tive. One pump is normally on in each loop, although two pumps may be used in a 

loop if one loop should fail. To meet specif xcations a single pump must deliver a 
flow of 230 Ib/hr of coolant and two pumps must deliver 460 Ib/hr. Reservoirs are 
also provided to maintain pump-inlet pressure arJ to provide an additional quan- 
tity of coolant should leakage occur. 

The performance of the pumps during the mission exceeded specifications. 
Actual flowrates were 270 Ib/hr for a single pump and from 510 to 520 Ib/hr for 

two pumps. The Saturn Workshop was launched with one pump operating in the pri- 

mary loop. When only one loop is in use, an automatic switchi»^g network can 
shut down the operating loop and start a pump in the other loop if either the 
temperature of the coolant or the pressure rise across the pump decreases ex- 
cessively. Automatic switchover from the primary to the seconda^^y loop occurred 
twice during the initial unmanned period. In neither case was the pressure or 
temperature, as reported by telemetry, low enough to cause the switchover. The 
problem appeared to be in the switching circuit, since the primary loop later 
operated successfully by using only one of the switching circuits. One pump in 
the secondary loop continued to operate until the first crew arrived. There- 
after, one pump in each loop operated during manned periods, except when condi- 
tions required a different mode of operation. The primary loop was shut down 
because of loss of coolant on Day 102 (8.4.1) and one pump in the secondary loop 
was operated for the rest of the second manned period. After recharging with 
Coolanol in the third manned period, one pump in the primary loop was operated 
along with one in the secondary loop except during extravehicular activity and 
during the period of maximum exposure to sunlight , when tvro pumps were operated 
in the primary loop and one in the secondary loop. 

Valves at three points in each loop automatically control the temperature 
of the coolant. Each valve has an ou\ let port and tw^o inlet ports, one for cold 
fluid and one for warm fluid. A movable sleeve regulates the flow entering the 
inlet ports, admitting more or less warm or cold fluid. Two valves are set to 
give an outlet temperature of 47"^F. The first of these valves controls the flow 
to the radiator. Fluid leaving the pump flows either to the radiator or to the 
warm inlet port of this valve, and some of the fluid passing through the radia- 
tor then flows to the cold inlet port of this valve. The control valve mixes 
these two streams to give an outlet temperature of 47"F. This valve in each 
loop operated satisfactorily throughout the mission. The coolant then flows 
from this valve to the warm inlet port of a second valve which keeps the temper- 
ature of the coolant entering the condensing heat exchangers at 47 ®F. Problems 
occurred with these valves in both loops beginning on Day 25, and necessitated 
changing procedures used during extravehicular activity (8.4.1). The third valve 
regulates its outlet temperature to 40°F. As the cold inlet port of this valve 
opens, it allows part of the upstream coolant flow to be diverted to a heat ex- 
changer, where it is cooled by cold fluid from the radiator. The capacity of 
this valve to control its outlet temperature is limited by the amount of cold 
fluid demanded by the 47®F valve at the condensing heat exchanger inlet. On Day 
4, when only the primary coolant loop was operating, the discharge temperature 
rose to 45.7®F at a time when equipment being cooled by the fluid was operating 
at very low power. To avoid freezing coolant inside the radiator, additional 
equipment was turned on. A result of the additional heat load was reduction of 
the temperature of the fluid leaving the valve to less than 42 ®F. This valve 
operated satisfactorily throughout the mission. 

Fluid in the coolant loop rejects heat to space as it flows through an ex- 
ternal radiator located on the outside of the Saturn Workshop. The radiator, 
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with a total surface area of 432 ft^, has 11 panels made by welding magnesium 
skins to extrud'^.d magnesium sections containing flow passages. The exposed sur- 
face is painted v/hite. During the daylight side of the orbit, heat is stored in 
a thermal capacitor which consists of honeycomb boxes that are filled with tride- 
cane wax and have integral cold plate flow passages (fig, 8-7). Fluid from both 
coolant loops passes through each plate. Tridecane’s heat of fusion is 66 Btu/lb 
and it melts at 22®F, making it an effective material for absorbing heat. Be- 
fore launch it is cooled well below its freezing point, and it absorbs all nf 
the launch heat loads chat have to be dissipated by the coolant until the shroud 
is jettisoned. Coolant flows from the radiator directly to the flow passages in 
the thermal capacitor. During the dark part of each orbit, when the radiator can 
reject heat to space, the outlet of the radiator is c-^lJ. Coolant passes through 
the thermal capacitor, cooling the tridecane, and i- :till cold enough to sat- 
isfy the cooling requirements. When the Sky lab is on the daylight side of the 
Earth, the radiator outlet is warmer than the capacitor, so it transfers a por- 
tion of its heat to t^e tridecane. 


Capacitor outlets 
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require^' 18.6 Btu/lb 


Figure 8-/»- Thermal capacitor. 


The radiator heat loads wore generally so low that all of the tridocane re- 
mained frozen at the end of the orbital day. As the orbital plane shifted so 
that the length ot the orbital day increased, some of the tridecane melted. All 
of the tridecane in the thermal capacitor was melted when Skylab was oriented to 
allow Earth observations during a time of maximum orbital daylight in the third 
manned period. As expected, coolant temperatures exceeded their specified values 
for a shurt time, but not long enough to cause any problem. The capacity of the 
radiator was more than adequate for the greater part of the operations. Also, 
as expected, the white paint on the radiator surface deteriorated somewhat dur- 
ing the mission. Its solar absorptance, as calculated at the end of the mission, 
had increased to 0.25 from its initial value of 0,14, although the infrared emit- 
tance did not change from its initial value of 0,85, The crew reported notice- 
able discoloration of the part of the radiator that was exposed to sunlight. 

The discolored section probably had a larger increase in absorptance than the 
part not exposed to sunlight, and the value calculated from the rates at which 
heat was dissipated reflected the average amount of degradation. 

The cooling system’s capacity exceeded demands both for cooling individual 
units and for dissipating heat to space. The maximum allowable temperature of 
the coolant at the pump discharge was 120®F. The maximum temperature at this 
point during the mission was 75'^F, indicating a comfortable margin; all uhe 
equipment remained at satisfactory temperatures throughout the mission. The 
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temperature at the pump discharge reflected the total amount of heat which had 
to be dissipated. Again, there was a satisfactory margin of capacity. The sys- 
tem was designed to reject up to 16,000 Btu/hr, but the maximum heat load at any 
time during the mission was just over 12,000 Btu/hr. The excess capacity made 
possible continued operation when the loss of coolant forced operation of only 
one coolant loop for part of the second manned period (8.4.1). 

8.2 AUXILIARY SYSTQ-iS 

The auxiliary thermal control systems are those subsystems provided to re- 
move heat from certain components. The suit c-vxing system and the equipment 
cooling system have a heat interchange with the primary laboratory cooling syst^^m 
and require its operation for heat rejection. These two systems use water with a 
corrosion inhibitor and biocide as the cooling medium. The refrigeration system, 
which has no connection with the primary laboratory cooling system, provides cool- 
ing for tae food and waste management system freezers and chillers. 

8.2.1 Suit Cooling 

Cool water flows through the liquid-cooled garments worn by the crewmen un- 
der their spacesuits from either of two identical, parallel loops (fig. 8-8). 

The water in each loop is cooled in a heat exchanger by transferring the water *s 
heat to the coolant flov/ing through the primary laboratory cooling system. Each 
water loop has two pumps, e reservoir containing the water supply (pressurized 
to 5 psia with nitrogen) , and a separator to remove gas from the circulating 
water. The possibility that gas could leak into the tubing in the liquid-cooled 
garments and become entrained in the water led to the inclusion of the separator. 
Since weightlessness prevents the separation of gas from liquid through the use 
of differences in density, a technique based on surface characteristics is used. 
Inside the separator are two filters, one wettable by water and the other non- 
wectable. The water entering the separator passes through the wettable filter. 

The other filter surface remains dry, and any entrained gas passes through it. 

The separators performed satisfactorily throughout the mission. 



rryr supplencntal | 
batteo ,:ooling • 
heat exchanger — ' 


j Fror laboratory 
1 — radtatoi bypass 

Figure 8-8.- Suit cooling system. 
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Although external events affected the performance of this system, it was 
generally adequate. Twice during the mission, water leaked from the composite 









connector that attaches to the space suit. Leakage first occurred during an 
extravehicular activity on Day 226 > and enough water was lost to require that the 
crew transfer water to the reservoir. Leakage also occurred during the last ex- 
travehicular activity, with loss of most of the water from the reservoir. A 
fli^wmeter became erratic during the second extravehicular activity of the first 
manned period and eventually indicated no flow. Subsequently, it behaved satis- 
factorily, with no further indications of improper operation. 

Attitudes used during the initial unmanned period to reduce temperatures in 
the workshop also reduced the temperature in the vicinity of this water system. 
The possibility that the water might freeze was a major concern, sinr*^^ freezing 
could rupture the water lines. Freezing was averted by changing the attitude of 
the Saturn Workshop to allow more solar heating in the vicinity ot tut water sys- 
tem. The lowest temperature was between 31.5 and 33.5®F, depending on the accu- 
racy of the measurement. It is believed that no freezing occurred, since there 
was no evidence of damage. 

of these water loops during the mission was not as planned. The first 
time that coolant in the laboratory cooling system was switched to allow flow 
through both suit-coolirp heat exchangers, the temperature-control valves in the 
laboratory cooling loops stuck in a position that allowed excessive flow of cold 
coolant through the heat exchangers. The coolant was switched back, and, to 
prevent further difficulties, coolant was circulated through only one of the 
heat exchangers for other extravehicular activities (8.4.1). 

8.2.2 Equipment Cooling 

A single water loop (fig. 8-9), caoable of removing 1437 Btu/hr including 
102 Btu/hr from the circulating pump, cools the Earth observation equipment 


5 psig nitregen 



Earth resources equtpn’ent 


Figure 8-9.- Equipment cooling loop. 

and the solar observatory console in the docking adapter. The loop has three 
positive-displacement, rotary-vane pumps in parallel, although one pump is enough 
to provide the necessary water flow of 220 Ib/hr. Each pump has a relief valve to 
bypass flow to protect the pump if the downstream flow path is blocked, and has a 
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check valve in the discharge line to prevent backflow when the pump is not run- 
ning. A heat exchanger having parallel flow paths to accommodate coolant from 
both laboratory cooling loops taaintains the water below 78®F. A tank containing 
about 12 pounds of water is pressurized with nitrogen to 5 psia to maintain pump 
iniet pressure and to provide additional water in the event of leakage. 

Despite a problem with gas (8.A.1), this system fulfilled its functional re- 
quirement to maintain temperatures of the equipment it serviced within specified 
values. Analysis showed that the equipment would be cooled sufficiently if the 
water Inlet temperature did not exceed 78®F; the maximum Inlet temperature mea- 
sured was 74.9®F. Heat loads appeared to be greater than expected, partly be- 
cause of unanticipated heat leaks into the system and greater than expected con- 
ductances between the equipment to be cooled and the water. During an Earth ob- 
servation pass on Day 252, the heat load reached a maximum of 2780 Btu/hr. This 
condition lasted only a short time and produced no adverse effects. When the crew 
replaced a filter on Day 15, they reported that the internal plunger in the 
quick-disconnect fitting did not close fully when the fitting was removed. This 
was only a momentary malfunction, and leakage did not recur when the filter was 
again replaced on Day 32. 


8.2.3 Refrigeration 

Refrigerated storage of food was a major innovation of the Skylab program. 

There are five insulated compartments for storing frozen food and a chiller for 
thawing frozen food and storing leftovers (10.1.6). A coolant circulating through 
these compartments keeps the contents cold. The refrigerant is Coolanol 15 (also 
used in the laboratory cooling system). It also chills water for drinking, chills 
and freezes urine and blood samples, and cools the pump power supply. It circu- 
lates through two independent, parallel loops (fig. 8-10), designated priiuary and 
secondary, either of which can satisfy all requirements for refrigeration. The 
loops share a common radiator and a common thermal capacitor. Four pumps are 
available for circulating the coolant in each loop. Only one pump operates at a 
time, so one loop is in operation at any time. The pumps are in a sf ed enclo- 
sure that is vented to the waste tank to ensure that any refrigerant i .aking from 
the pump does not enter the habitable volume. 

There are two pump packages for each loop. Each package contains two positive- 
displacement gear pumps (each having its own power supply), an accumulator, a re- 
lief valve, and a check valve in the discharge line. If the pressure rise across 
the pump exceeds 100 psi, the relief valve opens, letting refrigerant return from 
the discharge line to the pump inlet. Freon acting on a bellows in the accumula- 
tor ensures a constant base pressure in the coolant loop. These pumps had been 
qualified for 2250 hours, not long enough co allow completion of the mission. 

This motivated a sequence for turning pumps on and off, either manually after 
fixed operating times or automatically in response to conditions indicative of 
the performance of the pumps. A differential pressure below 25 psi across the 
operating pump causes that pump to be turned off and the next pump in the sequence 
to be turned on. If the operating pump is the fourth pump in either loop, the 
first pump in the other loop is turned on. Any one of four other conditions 
causes the operating pump to be turned off and the first pump in the other loop 
to be turned on: less than 5 in. of refrigerant in the accumulator for both pump 
packages, a temperature of 1®F at the inlet to the frozen-food compartments, a 
temperature of 33.5®F or less at the inlet to the chillers, or a logic power sup- 
ply voltage beyond 5.0 + 0.45 volts. 
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Figure 8-10.- Refrigeration system (other loop identical) 
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One pump in the primary loop was turned on 24 days before laurth, in prepara- 
tion for loading frozen food. This pump continued to run until Da> 27. Then, in 
accordance with the plan, it was turned off, and the second pump in the primary 
loop started. The changeover from one pump to the other was smooth, with no in- 
terruption cf flow. A valve malfunction not associated with the pumps led to un- 
planned oper- cions on Day 40 (8.4.2). The first pump was cycled 105 times, and 
then it raa .ontinuously until the end of the mission, for a total operating time 
of 7270 no IT The second pump in the primary loop operated for 300 hours. One 
pump in thi secondary loop operated for 369 hours, of which only 2 hours was in 
orbit; duri^ig a period of trouble-shooting, this pump was cycled 28 times. These 
three puD.ps operated satisfactorily, and one of them demonstrated that the quali- 
fied llCetLir'.e was conservative. The other pumps were never operated during the 
flight. 

'^16 rel rigeratlon system radiator, located at the aft end of the Saturn Work- 
shop, rejec s heat gained by the coolant. An octagonal shape was chosen to max- 
imlKii the s rface area and still provide the necessary clearance between the ra- 
diator edge and the Interstagd structure during separation. The radiator is 
cantec 5 dejsrees so that sunlight does not strike the surface directly while in 
the solar inertial attitude. For ana^yies, the white paint on its surface was 
assiomec' to have a maximum degradation corresponding to a solar absorptance of 
0.25 and an infrared emittance of 0.887. A shield protected the radiator surface 
until the Saturn Workshop reached orbit. After an hour, the temperature of the 
radiator became low enough for coolant flow to be started through the radiator. 

The material in the thermal capacitor had completely refrozen after an additional 
2 hours, and the temperature of the coolant was low enough 95 minutes later to 
allow bypassing the radiator. The subsequent performance of the radiator was ex- 
cellent. 

The rate at wliich the coolant gains heat varies with temperatures in the 
workshop. Chirefore, when the meteoroid shield was lost and temperatures in the 
workshop rose to 130*^ uuring the initial unmanned period, the radiator had to 
dissipate a:' much as 2U00 Btu/hr. However, the coolant remained cold enough 
throughout l.h.ls period to keep the warmest frozen-food compartment below the 
specified minimum temperature of 0°F. After the first crew arrived and turned 
on more equipment, including ventilating fans, the amount of heat to be dissi- 
pated increased somewhat and the temperature of the wannest compartment rose to 
0.5*F. Thereafter, as temperatures in the workshop decreased, the radiator was 
nevei’ a limltiig factor in meeting the requirements for refrigeration. 

Cold cool.int flows to a thermal capacitor from the radiator, after passing 
througl a cold plat attached to an inactive ground heat exchanger w’hich somewhat 
moder s change in the temperature of the fluid entering the thermal capacitor. 
The thermal capacitor stores heat during the daylight side of the orbit. It con- 
sists of (:ht a units in series. Each unit consists of two rectangular honeycomb 
structures separated by a pd.ate conta5.ning separate flow passages for coolant 
from bo«u loops. The honeycomb structures are filled with undecane, a wax that 
freeze . at -14.5“F. Before launch the undecane was cooled to about -26“F, and 
for .he first hour tiffjr the Saturn Workshop reached orbit the thermal capacitor 
absorbed all the heat picked up by the coolant. After the radiator outlet temp- 
erature droppiid bo'ow 0®F, the flow was automatically switched to the radiator. 

The thermal ^ ipacitor continued to perform satisfactorily for the whole mission. 
Its capaci’ty to absorb heat was adequate for normal operation, and there was 
enough teat transfer to cool the undecane as rapidly as necessary and to cool 
eh'* ojolant to the desired temperature. 
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In addition to the ptessure-relief valves on the pump packages » there is also 
a pressure-relief valve in each loop to protect the radiator. Should the refrig- 
erant flowing through the radiator become cold enough for its increased viscosity 
to cause a pressure drop greater than 3A psl across the radiator, the relief valve 
opens and allows refrigerant to bypass the radiator. No condition requiring this 
valve to open occurred during the mission. 

A two-position, solenoid-operated valve in eacli loop controls the temperature 
of the coolant. IjJ either of two independent conditions exists, the coolant by- 
passes the radiator and flows directly to the thermal capacitor. One condition 
is high temperature of the radiator surface. If this temperature rises to 15®F, 
coolant flow bypasses the radiator, and flow through the radiator resumes only if 
the temperature decreases to 0®F. The other condition is low temperature of the 
coolant leaving the first unit of the thermal capacitor: a decrease to -34.5®F 
causes coolant flow to bypass the radiator, and an increase to -12.8**F causes flow 
through the radiator to resume. Improper operation of these valves beginning on 
Day 40 constituted the only problem associated with the refrigeration system 
(8.4.2). 

The coolant flows from the thermal capacitor to the urine freezer and the 
compartments for storing frozen food. Then some or all of it may pass through a 
regenerative heat exchanger in which it is warmed to a temperature compatible 
with the requirements of the food chiller, urine chiller, and water chiller. 

From the chillers, the coolant flows to one of the four pumps in the loop. 

Flow of cold coolant through the regenerative heat exchanger is controlled 
by a valve that mixes cold fluid and warm fluid as needed to give the required 
temperature. The valve has inlet ports for warm fluid from the heat exchanger 
and for cold fluid that bypasses the heat exchanger. An element inside the valve 
expands or contracts as the temperature of the discharge stream increases or de- 
creases from its set point of 39®F, varying the relative open areas of the hot 
and cold inlet ports. This valve performed well throughout the mission, main- 
taining a nearly constant discharge temperature at all times. If the temperature 
from the heat exchanger going to the valve decreases below 37 ®F an electric 
heater warms the coolant entering the regenerative heat exchanger. 

Overall performance of the entire system was excellent, despite the diffi- 
culties with the bypass valves. The frozen food was kept in good condition 
throughout the mission. There was a moderate buildup of frost on the surface 
between the doors. The crew commented on the necessity of removing the frost 
periodically, although removing it was not difficult. The temperature of the 
urine chiller remained below 46®F throughout the mission, less than the 59®F up- 
per limit that was specified. The freezer for samples of urine and blood stayed 
cold enough to meet the requirement of cooling samples below 30®F within 90 min- 
utes and below -2.5®F within 8 hours. No leakage of coolant was detected. 

8.3 SOLAR OBSERVATORY THERMAL CONTOOL 

The solar observatory was originally designed for independent operation and 
so it has an autonomous system for controlling temperatures. To regulate temp- 
eratures satisfactorily required independent consideration of each of the three 
major divisions of the solar observatory: the instruments, the Instrument canis- 
ter, and the rack (tig. 8-11). The rack electrical and mechanical components are 
thermally controlled within desired temperature limits by means of a combination 
of selective equipment placement, radiation shielding, low conductance mountings, 
insulation, surface coatings, and, for some components, thermostatically controlled 
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heaters* The instrument canister uses an active liquid heat transport loop to 
maintain a near-constant temperature environment for the experiments. The in- 
dividual experiments use passive thermal control techniques in conjunction with 
thermostatically controlled heaters to satisfy the stringent temperature re- 
quirements dictated by optical considerations. 



The rack is an open assembly of 
trusses forming a structure of octagonal 
cross-section that completely surrounds 
the canister. It serves as a mounting 
for approximately 140 electrical and me- 
chanical components, including control 
gyros, control computers, rate gyros, 
batteries > and Sun sensors. These compo- 
nents generate heat when operating and 
are also heated by thermal radiation from 
the Earth and the Saturn Workshop and by 
reflected sunlight, although an annular 
shield protects them from direct sunlight. 
The components that generate the most heat 
are around the outside tc enhance heat re- 
jection. Low-heat-generating components 
are located in bays which are covered with 
radiation shields and mosaic multilayer 
insulation to control heat rejection. If 
necessary, components are furnished with 
thermostatically controlled heaters. 


Figure 8-11.- Solar observatory The top and bottom halves of the can- 

expanded view. ister are each made of eight plates con- 

taining internal passages through which a 
fluid circulates to keep the inner surfaces of the canister at a nearly constant 
temperature. The flow is divided between the two halves; in each half, the fluid, 
a mixture of methanol and water containing 89 percent methanol by weight, flows 
through all the passages consecutively. At the design flowrate of 850 Ib/hr, the 
temperature of the fluid increases 5®F when equipment in the canister is operating 
at a total power of 500 watts. 


Multilayer insulation covers the outer surface of the canister, including 
the end facing the Sun. There is an aperture through the insulation in line with 
each of the solar instruments in the Sun end of the canister. Doors covered with 
multilayer insulation seal the opening of each aperture when the Instrument is 
not in use. The 10-inch overhang at this end of the canister keeps sunlight from 
falling directly on the radiator panels mounted around the circumference of the 
canister. The radiator panels are part of the heat-transfer loop (fig* 8-12). 
Four panels containing integral flew passages provide a total radiating area of 
80 ft2. At the designated operating temperature, the radiator can reject 500 
watts. The radiator and a heater section provide alternate flow paths for the 
fluid. For less cooling, some or all of the fluid is diverted to the heater sec- 
tion, which has two heating elements of 250 watts each. If the temperature of 
the fluid falls below 47.7*^F, the first heating element turns on automatically. 

A further temperature decrease to 47.0^F activates the second heating element. 

An Increase in the fluid temperature to 48.5^F causes the heating elements that 
are operating to be turned off. 
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Figure 8-12.- Solar observatory coolant loop. 


Inside the canister and dividing it into quadrants is the spar, a cruciform 
structure that supports the solar instruments. Multilayer Insulation covering 
the aluminviffi spar assists in maintaining a uniform temperature. To isolate the 
spar and further minimize temperature gradients that might cause misalignment of 
optical Instruments, the structural connections between the spar and the canister 
have low thermal conductance. 

The temperatures of the eight solar instruments mounted on the spar must be 
controlled precisely, since even small variations in temperature would affect the 
F -'nting stability and the focusing characteristics of the instruments. The hous- 
ing's are made cf materials of high thermal conductivity to minimize temperature 
gradients. Low-conductance mounts minimize heat conduction between the instru- 
ments and the spar, so radiation is the dominant mode of heat transfer between 
these and other surfaces. The inner surface of the canister is black to maximize 
'*nterchange of thermal radiation between this surface and the instruments. In- 
sulation and surface coatings on the instrument housings control the rates at 
which heat is radiated and absorbed. Two of the eight Instruments generate heat 
at a low rata which reoulres a gold coating on the surfaces to obtain the neces- 
sary low emlssivi».y. The other instruments generate heat at higher rates when 
they are operating and require higher surface emlttances to radiate the heat 
away at the desired temperature. The high emittance, however, allows the in- 
strument to radiate away too much heat when it is not in use. To prevent this, 
electric heaters are used. In some cases, the heater is incorporated in a radi- 
ation shield that completely surrounds the Instrument without touching it. The 
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heater turns jn and off when the shield is 0.5®F below or above a fixed tempera- 
ture. The radiation shield has very low thermal capacity, so its temperature 
fluctu:.ce8 rapidly between the two extremes, presenting a nearly constant radia- 
tion environiuent to the instrument. In other cases, the heating element surrounds 
and is attached to the housing of the instrument. Some of these h-^aters operate 
Intermittently on demand, while others operate continuously, and the power sup- 
plied to them varies with demand. 

The orientation of the Saturn Workshop that proved most effective in con- 
trolling temperatures in the workshop during the initial unmanned period created 
thermal problems for the solar observatory, since it exposed to direct sunlight 
parts of the rack that would normally be in the shadow of the solar shield. Con- 
currently, available power was drastically reduced. This mode lasted from short- 
ly after the Saturn Workshop reached orbit until the first crew deployed the par- 
asol thermal shield. Temperatures of some components on the rack approached 
their upper limits and, in the case of a power conditioner and a tape recorder, 
exceeded them. Increased demand while temperatures were generally high caused 
both these problems. 

Because of the shortage of electrical power, the heat-transfer loop was not 
activated immediately, and the use of electric heaters was restricted. Before 
launch, the canister had been purged with a continuous flow of dry nitrogen at 
controlled temperature to maintain constant temperature and humidity around the 
equipment in the canister. Consequently, the canister and the equipment inside 
it were at 69.5®F at launch. About 25 hours later, the electric heater for cne 
telescope in each quadrant was activated. Operating these four heaters kept the 
instruments from becoming too cold; the lowest temperature was 53®F, within the 
allowable range of 40 to 85® F. 

The heat-transfer loop and all heaters were activated after temperatures 
in the workshop returned to normal and Skylab had returned to the solar inertial 
attitude. The temperatures of the Instruments stabilized approximately 20 hours 
later. The spar, however, because cf its mass and the low rate of heat transfer 
between it and the canister, required several days to reach a stable condition. 

The heat-transfer loop and the heaters were turned off for 14 hours on Day 25. 

This action had only a slight effect on temperatures. The instruments reached 
stable temperatures in 5 to 10 hours, and the spar after approximately 14 hour.*?. 
The specified temperature of the fluid .intering the cold plates is 50 +3®F; 
actual values during the mission were between 48 and 51 °F. 

Temperatures were controlled satisfactorily throughout the second unmanned 
period. Leaving one of the experiment aperture doors open continuously during 
unattended operations resulted in temperatures in that instrument increasing to 
within 0.4®F of the upper limit. Mechanical problems with other aperture doors 
eventually required that four doors be left open permanently. This had no sig- 
nificant effect on the temperature of the canister or the instruments until Days 
247 throi.gh 250, when Skylab was in continuous sunlight. During this time, temp- 
eratures of parts of some of the instrumc'nts and of the spar exceeded their max- 
imum allowable values. Although these temperatures were higher than anticipated, 
they were not high enough to cause damage. 

Since only the primary pump had been used for the entire mission, it was 
shut down during postmission testing, and the secondary pump was r.v ned on for 
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testing. After it had operated for a short time, it was shut down and the pri- 
mary pump restarted. The primary pump had 305 hours of preflight and 6154 hours 
of flight operations. There were no problems associated with either pump. 

The crews reported discoloration of the white paint used on all the exposed 
surfaces of the solar observatory. This paint originally had an infrared emls- 
slvity of 0.9 and a solar absorptance of 0.22. Analysis based on measured sur- 
face temperatures showed a solar absorptance of 0.53 at the end of the mission, 
as compared with the predicted 0.35 based on premission tests. The greater 
degradation occurring during the mission is unexplained and is still under in- 
vestigation. 


8.4 ANOMALIES 

8.4.1 Laboratory Coolant Loops 

Temperature Control Valves .- The 47*F valve at the inlet to the condensing 
heat exchangers stuck during the first extravehicular activity on Day 25 when the 
extravehicular activity valve in the primary laboratory cooling system (fig. 8-6) 
was switched to allow coolant from the capacitor to flow through the second suit 
cooling heat exchanger. Diverting coolant so that it passed through this heat 
exchanger initially increased the temperature at the cold part of the 47 ®F valve, 
which reacted in the expected manner by moving to ttie full cold-flow position. 

The valve then should have returned to an intermediate position to control the 
outlet temperature to 47*F. However, as the valves in both the primary and sec- 
ondary loops traveled back toward the Intermediate position, they stuck in a 
position that provided excessive cold flow. This is thought to have occurred 
as a result of contamination released in the system when the extravehicular ac- 
tivity valve was put in the extravehicular activity position. The inraedlate re- 
sult was that the water in the suit cooling loop (.which interfaces with the pri- 
mary loop) apparently froze. In attempting to reactivate the primary coolant 
loop later, the condensate in the condensing heat exchangers also apparently 
froze, causing the molecular sieve compressor flow to stop. Adequate cooling was 
provided for the extravehicular activity, and deploying the workshop solar array 
was completed successfully by using the secondary coolant loop and one suit cool- 
ing loop to cool all three crewmen. When the load was removed from the suit 
cooling loop, the outlet temperature of the 47®F valve in the secondary loop de- 
creased since it was also stuck. It later decreased to approximately 30.7®F, 
causing concern regarding a possible freezing in the condensing heat exchangers 
again. The crew was asked to reactivate the suit cooling loop and place the 
liquid-cooled garments near a water tank on the hot side of the workshop. This 
added enough heat to raise the outlet to 40®F. 

Later, both valves were freed by allowing the valve sensor cartridge to warm 
up until the expansion of the cartridge freed the valve. To preclude a recur- 
rence of the same problem, the extravehicular activity valve was left in the by- 
pass position continuously. It was found that cooling capabilities were adequate 
in this mode. In the second manned period, when Inadequate coolant was available 
due to leakage in the nrimary loop, one extravehicular activity was accomplished 
by using a high flowrate of oxygen for cooling. The second crew carried along a 
heater, which was designed and built during the unmanned period, to heat the water 
in the suit cooling system should it be required. A valve did stick on a later 
occasion, but the resulting temperatures could be tolerated so the heater was not 
used. 
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Leakage.- On Day 84, a primary loop accumulator low limit warning occurred. 
There was no way of measuring directly the amount of coolant in either loop, but 
an analysis of the pressures, temperatures, and volumes showed slow leakage in 
both the primary and secondary loop. Calculations showed the leakage from the 
primary loop to be from 0.08 to 0.12 pound of coolant each day. Pressure at the 
pump inlet also showed a consistent decrease. The pump inlet pressure on Day 84 
was still high enough to prevent cavitation (less than 3 psia in tests), so the 
pumn was allowed to continue running. By Day 102, the pump inlet pressure was 
oscillating and had decreased to 5.8 psia. Should cavitation have occurred, it 
could have become serious enough to damage the pump, so the primary loop was shut 
down. The secondary loop provided all cooling from that time until the primary 
loop was recharged in the third manned period. During the third unmanned period 
when only the secondary loop was operational, its coolant leaked consistently at 
a rate of 0.09 Ib/day. 

Attempts to locate the leaks were unsuccessful. The primary loop appeared 
to be leaking both inside and outside the habitable volume, since pressure in 
the loop followed internal pressure but remained below it during the third un- 
manned period when the reservoirs were depleted. Analysis of returned cartridges 
from the carbon dioxide sensors indicated that some coolant may have been in the 
gas entering the molecular sieve assembly. Coolant was also found in charcoal 
filter canisters that were returned for analysis. 

The third crew refilled the primary loop with coolant on Day 190. A re- 
servicing kit consisting of a saddle valve and a tank, developed after leakage 
became apparent, was flown up for this purpose. The saddle valve is an assembly 
which fits over the coolant line to provide a tight seal so that a built-in cut- 
ter can puncture the line. With the valve open, coolant was forced into the line 
by applying pressure to a bellows in the v. apply tank. After fluid was added to 
it, the primary loop was restarted and continued to operate satisfactorily for 
the rest of the mission. No further addition of coolant was necessary. The pump 
inlet pressure in the secondary loop did continue to decrease, and a warning of a 
low level in the reservoir occurred on Day 271 during the last deactivation. If 
necessary, coolant could have been added to the secondary loop. 

Equipment Cooling .- One of the pimips in the equipment cooling loop was 
turned on during activation on Day 15, but it gave a flowrate that oscillated 
between 240 and 305 lb /hr. The crew turned off the pump, changed the filter, and 
restarted the pump. The flowrate was steady at 244 Ib/hr. The crew reported a 
gurgling sound in the water loop on Day 132, and later the flow decreased to 74 
Lb/hr. After shutting the pump down and changing the filte the crew turned on 
a second pump, which provided a stable flow of 231 to 234 Ib/hr. The filter was 
returned for analysis but showed nothing unusual. 

Later, the second pump displayed similar tendencies, with the flow decreas- 
ing from 245 to 165 Ib/hr on Day 190. A series of tests made on the ground elim- 
inated several possible causes of the problem « The second pump was turned off, 
and the third pump was used until it exhibited a low pressure rise and a reduc- 
tion in flow. It then appeared that the most likely possibilities were gas mixed 
with the water, and debris in the pump. The crew removed the filter and inspected 
it, finding only a small amount of debris. They noticed gas when they opened the 
qulck-disconnect fitting. A spare liquid-gas separator for the suit cooling loop 
was installed in place of the filter. Both the second and third pumps operated 
stably with the separator in the line. The separator was removed, and operation 
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continued with a gradual decrease in flow and only occasional flow oscillations 
for about 15 days. The crew again installed the liquid-gas separator for a time, 
and the flow again became normal for a while. The problem did not become serious 
enough before the end of the mission to warrant further action. Near the end of 
the mission the first pump was turned on, and it appeared to operate normally, 
giving a further indication that the problems resulted largely from gas in the 
system. 


Inverter^.- On Day 16, secondary inverter 1 and pump A were turned on by 
ground command. The inverter circuit breaker opened immediatv^ly , so the crew 
switched to another inverter and pump combination. Lack of data at the time pre- 
cltided determination of the cause, so the failed units were not used again during 
the mission. However, troubleshooting procedures were developed for use if all 
the other pump and inverter combinations should have failed. Testing after the 
third manned period ended showed that the pumps operated satisfactorily except 
when used with inverter 1, and it was concluded that there was an unknown elec- 
tronic problem in that inverter. 


8 . A . 2 Refrigeration Loops 

During deactivation on Day 40, the solenoid-operated valve in the primary 
loop was operating normally to resume flow through the radiator after a period of 
bypassing the radiator because of low refrigerant temperature. There was an ab- 
rupt decrease of about 5 psi in the pressure rise across the pump, and there was 
a reduction in the temperature of the radiator surface during the succeeding or- 
bits. Eventually, the material in the thermal capacitor completely melted, and 
the temperature of the refrigerant leaving the thermal capacitor rose above 
-14.5**?. Temperatures in the frozen-food compartments then began to rise. When 
the temperature of the refrigera it supplied tc the compartments reached 1®F, 
there was an automatic switchover to the secondary loop. The refrigerant in the 
secondary loop also showed a rapid lise I'n temperature, which indicated a similar 
anomaly. 

Extensive ground testing was conducted to determine the cause of the mal- 
function ar.'d the effect of the malfunction on the capabilities of the system. 

The most probable cause was failure of the valve to close its bypass port com- 
pletely, allowing only 20 percent of the total coolant flow through the radiator. 
If the port was 25 percent open, it would allow significant flow through the by- 
pass. This would reduce the flow through the radiator, and mixing of flow from 
the radiator with the bypass flow would increase the temperature of the fluid 
entering the thermal capacitor. If contamination on the valve jeat kept the 
valve from shutting off bypass flow completely, moving the valve from one posi- 
tion to the other could possibly clear it. The valve moves to the bypass posi- 
tion when the pump is turned off, and it moves to the radiator-flow position when 
the pump is turned on. By ground command, both loops were cycled on and off — 
the primary loop 105 times and the secondary loop 28 times — and then the first 
pump in the primary loop was left running. The valve was still stuck but some 
improvement was seen, and the coolant began to cool down. The performance was 
adequate for the rest of tie mission. There was, however, almost no marginal 
capacity, and thereafter the refrigerant temperature varied slightly with changes 
in the temperature in the workshop. The mission was not affected. 
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SECTION 9 

LABORATORY ATMOSPHERE 


Sky lab uses an atmosphere of oxygen and nitrogen, while previous manned space- 
craft built by the United States used an atmosphere of pure oxygen. Since the com- 
mand modules were designed for ar Internal pressure of only 5 psig, total pressure 
in the Saturn Workshop habitable volume is limited to 5 psia. The partial pres- 
sure of oxygen during manned periods is held at 3.6 +0.3 psia, close to its normal 
sea-levei value of 3.1 psia, and the balance of the atmosphere ' i nitrogen. Means 
are provided to purify ti\e atmosphere, control the temperature and humidity, and 
circulate the gases throughout the laboratory. Additional informatiou concerning 
this system is contained in references 8 and 10. 

9.1 GAS SUPPLY 

The S.'turn Workshop contains an atmosphere of dry nitrogen when it is 
launched, .jnts open during ascent to reduce the internal pressure. After reach- 
ing '^rbit, it is repressurized in the correct proportions with oxygen and nitro- 
gen stored at ambient temperature in external high-pressure tanks. The two gases 
are supplied automatically to maintain an atmosphere of the desired composition 
and pressure. Figure 9-1 is a schematic of the two-gas system. 

Six tanks (fig. 4-1) contain the oxygen supply. They are connected in pairs 
to a manifold to allow gas to flow simultaneously from all of them. A check valve 
in the discharge line from each tank prevents backflow, so that there will be no 
loss from other tanks if one leaks. At launch, these tanks contained a total of 
6113 pounds of oxygen at pressures varying from 2978 to 3013 psia and at temper- 
atures from 67.7 to The amount used during the mission was 3437 pounds. 

Since oxygen cannot be removed after the pressure in the tanks falls to 300 psia, 
652 pounds of oxygen could not be used, and the available oxygen at the end of 
the mission was 2024 pounds. No leakage from the tanks or their associated plumb- 
ing was detected. 

Nitrogen is stored in six spherical tanks (fig. 4-2). These tanks are con- 
nected in the same manner as the oxygen tanks, except that two of them are also 
connected to the recharging station for the astronaut maneuvering experiment. 

Flow from these two tanks can be added to the common flow if desired. The tanks 
contained 1630 pounds of nitrogen at launch, with pressures in individual tanks 
ranging from 2904 to 2990 psia and temperatures between 63.9 and 70.1®F. The 
amount of nitrogen used during the mission was 984 pounds, and the remaining us- 
able nitrogen was estimated to be 469 pounds. There was no detectable leakage 
from these tanks or their connections. 

Total gas usage during manned periods averaged about .11.5 Ib/day, including 
metabolic consumption, leakage, and dumps. Metabolic oxygen consumption was esti- 
mated to be 5.52 Ib/day, leakage about 2.68 Ib/day, molecular sieve dumps about 2 
to 2.5 Ib/day, and miscellaneous dumps about 1 Ib/day. 
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Figure 9-1.- Gas supply system. 


Until shortly before launch, the workshop was purged and cooled by circula- 
ting gaseous nitrogt-.n The workshop and waste tank were then pressurized with 
dry nitrogen to 23.. 'i psia for structural stability during powered flight. Two 
parallel, pneumatically operated, normally closed workshop vent valves were 
opened 205 seconds after launch. Opening of the valves was scheduled so that 
pres, are in the workshop would be at least 22 psia wtien maximum dynamic pressure 
occurred (fig. 9-2). The actual pressure in the workshop at that time was 22.78 
psia. Venting continued until the pressure in the workshop reached 1.13 psia. 

The sphere containing high-pressure nitrogen for operating these va.lvcs and eject- 
ing the launch protective covers was vented down after this, so that the valves 
could not reopen. Since the valves were not to be used again, the first crew 
capped them. 


Continuous venting of the waste tank is required in orbit to maintain the 
pressure lelow the triple-point pressure of water. The vent ducts are diamet- 
rically opposed in order to cancel any thrust produced by the effluent. Venting 
starts in orbit approximately 10 minutes after launch, when pneumatically oner- 
ated caps at the ends of two vent ducts are released. By 40 minutes after launch, 
the pressure had decreased to 0.02 psia. Except for a few short periods when un- 
usually large quantities had been dtunped into the waste tank, the pressure there 
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Figure 9-2.- Workshop depressurization during launch. 

remained below the triple-point pressure throughout the mission. This low pres- 
sure is used to transfer fluids from the water system, washcloth squeezer, waste 
processor, and condensat e system to the waste tank (fig. 9-3). It also serves to 
remove any coolant leakage in t' 3 refrigeration-pump enclosure. To eliminate the 
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propulsive effects of the overboard vent, a line for evacuating the lower body 
negative pressure device was also connected into the waste tank by tlie crew. 

Two motor-operated, 4-inch valves, connected in series to ensure that vent- 
ing could be stopped, vent the docking adapter during launch. At launch, these 
valves were open, so that pressure inside the docking adapter and airlock would 
not exceed ambient pressure enough to cause structural damage. Both valves closed 
on command 288 seconds after launch. They were not used again, and the first crew 
capped them. 

Four sets of solenoid-operated valves may be operated onboard or from the 
ground to pressurize the laboratory with oxygen, nitrogen, or a mixture of the 
two. Either the entire habitable volume is pressurized at the same time or the 
workshop and the remainder of the habitable volume are pressurized separately. 

After venting of the habitable volume was complete, the vent valves were closed, 
and the Saturn Workshop repressurized. The high temperature in the workshop in- 
troduced the possibility that toxic substances, particularly toluene diisocyanate 
from the polyurethane insulation, might be present. Any such contaminants were 
purged from the habitable volume by alternately pressurizing and venting. There 
are four solenoid-operated vent valves in the workshop to all venting in prep- 
aration for the unmanned periods. These were used to vent the habitable volume 
during each cycle of venting and repressurization. Since the hatch leading, to 
the workshop was closed, gas flowed from the rest of the habitable volume into 
the workshop through the check valves in the hatch. Five cycles were completed, 
ending with final pressurization before the first crew arrived. Figure 9-4 shows 
the vent repressurization history for the first 70 days cf the mission. The time 
required for depressurization increased with each cycle because of debris col- 
lecting on the screens over the vent norts. After the final depressurization, 
two of the four valves failed to indicate closure on command. The two valves which 
did not appear to be closed are each in series with a valve which did close. The 
pressure stabilized, and the valves later operated normally during troubleshoot ing 
and when used to vent the laboratory after the crews left. The vent pressurization 
profile for the remainder of the mission was similar to the first manned and second 
unmanned periods, except that during the third unmanned period, the habitable 
volume was repressurized to provide cooling air for the supplementary rate gyro 
package. The pressurization system operated satisfactorily each time it was used. 



Figure 9-4.- Vent repressurization history. 
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After pressurization, the atmosphere Is controlled automatically. Both gases 
are supplied at regulated pressure. Gas flows from the storage tanks to a regula- 
tor assembly consisting of parallel pressure regulators, a filter, relief valves, 
check valves, and shutoff valves. Each pressure regulator delivers a mlnlimim flow 
of 22.8 Ib/hr. Except for the nitrogen that flows directly from the storage tanks 
to the recharging station for the maneuvering units, the pressure regulators sup- 
ply all oxygen and nitrogen. 

One regulator assembly supplies oxygen at 120 ^10 pslg. Oxygen flows from 
the regulator through a heat exchanger In which It Is heated by the coolant In 
the laboratory cooling system. Oxygen leaves the heat exchanger at a temperature 
between 40 and 65*F and is supplied from this point for tht 2e uses: repressurlz- 
ing the habitable volume before a crew arrives, automatic replenishment of the 
atmosphere during manned periods, and supplying space suits. Flow from these 
regulators was adequate, and the regulated pressure zemained above its lower limit 
for the whole mission. 

The other regulator assembly supplies nitrogen at 150 ±10 pslg. Nitrogen at 
this pressure is used to replenish the atmosphere, repressurize the habitable vol- 
ume, and operate control valves in the molecular sieve assemblies, ft also goes 
to equipment for experiments. Some nitrogen at this pressure flows to ether pres- 
sure regulators. One of these delivers nitrogen at 35 psia to pressurize wat?r 
tanks, and the other supplies nitrogen at 5 psia for pressurizing water reservoirs 
of auxiliary cooling systems. Flow from this pressure regulator assembly was ade- 
quate for all uses, but decreasing cutlet pressure caused concern until a correc- 
tive procedure was found. During the first manned period the outlet pressure 
gradually decreased from 160 to 140 psia. Then when the Saturn Workshop was de- 
activated and flow through the pressure regulators discontinued, the discharge 
pressure increased to 175 psia. The pressu^-e at the start of the second manned 
period was 158 psia, but it decreased to 141 psia after about 27 days. Since 
stopping flow had restored pressure at the end of the first manned period, one 
pressure-regulating valve was shut off fca* 5 days. Then this valve was opened, 
and the other was closed. The discharge pressure immediately increased from 140 
to 155.5 psia. Alternating use of the pressure-regulating valves continued 
through the second manned period. The discharge pressure still decreased, but 
more slowly, during the third manned period. One pressure-regulating valve was 
used continuously for the ]->st 62 days of this period, and the discharge pressure 
held steady at 150 psia for the last 34 days. Attempts to reproduce this on the 
ground did not succeed, and the decreasing pressure has not been explained. 

Normally during manned periods the atmosphere's pressure and composition are 
controlled automatically. Sensors continuously monitor both total pressure and 
partial pressure of oxygen in the atmosphere. Makeup gas is supplied through a 
5.0 ±0.2 psia regulator to cempensate for leakage and metabolic consumption of 
oxygen by crewmen. Whether oxygen or nitrogen is added to the atmosphere depends 
upon the partial pressure of oxygen detected by a sensor. A normally closed 
valve in the nitrogen supply line is opened by the controller to maintain the 
oxygen partial pressure within the 3.6 ±0.3 psia range. Check valves in the 
oxygen supply line close when the valve in the nitrogen line opens, since the ni- 
trogen is at higher pressure than oxygen. Therefore, only nitrogen flows when 
the valve is open, and only oxygen flows when the valve is closed. Since power 
*s. is required to open tnls valve, a loss of power or other failure affecting this 

valvs would not si.ut off the oxygen. 

When they were under automatic control, both the total pressure and the 
partial pressure of oxygen (fig. 9-5) stayed within their specified ranges. 
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Figure 9 


There were, however, times during the mission when automatic control could nor be 
used. During such operations as extravehicular activities and eyp^sriments with 
the astronaut maneuvering units, pressure and composition deviated slightly from 
their specified values, 
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Gas flows continuously through two molecular sieve assemblies (fig- 9-6) 
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Figure 9-6,- Molecular sieve 


to remove water vapor, carbon dioxide, and odor-causing materials from Sky lab's 
atmosphere. Each assembly (fig. 9-7) consists of two compressors, two condensing 
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Figure 9-5.- Partial pressure of oxygen during manned periods. 

There were^ however, times during the mission when automatic control could not be 
used. During such operations as extravehicular activities and eyp<srlments with 
the astronaut maneuvering units, pressure and composition deviated slightly from 
their specified values. 

9.2 ATMOSPHERE PURIFICATION 

Gas flows continuously through two molecular sieve assemblies (fig. 9-6) 
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to remove water vapor, carbon dioxide, and odor-causing materials from Skylab's 
atmosphere. Each assembly (fig. 9-7) consists of two compressors, two condensing 
















'4 



Molecular sieve and stowed 
teleprinter paper rolls . 


heat exchangers, two adsorbent canisters, and n charcoal canister. The heat ex- 
changers dehumldify the gas, the adsorbent canisters further reduce humidity and 
remove carbon dioxide, and the charcoal removes odor-causing substances. 
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Normally, one compressor In each nwlecular sieve assembly is running, coolant 
is flowing through one condensing heat exchanger in each assembly, and no gas is 
flowing through either adsorbent canister of one assembly. Gas entering the mo- 
lecular sieve assembly flows first through the condensing heat exchanger (fig. 
9-8). In one assembly, gas leaving the heat exchanger divides into three streams. 
One stream passes through the charcoal canister, one flows through one of the ad- 
sorbent canisters, one flows through a bypass line, and then all three streams mix 
together. The flow through this assembly is about 34 ft^/min, with about 
10 fc^/fflin going through the adsorbent canister. In the other assembly, the gas 
divides into only two streams; one passes through the charcoal canister and then 
mixes with the bypass flow. Because the adsorbent canister is closed off, flow 
through this assembly is only about 29 ft^/uln. These adsorbent canisters would 
be opened for gas flow and those in the other assembly closed off if the latter 
failed to remove carbon dioxide adequately or became unusable for any other rea- 
son. This was not necessary during the mission, however. 
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Figure 9-8.- Condensing best exchangers 


ine compressors, wnlch are used only during manned periods, operated satis 
factorily for the entire mission. Flowrates, calculated from measured pressure 
rise across the compressors, were very close to specified values. Th^ inverter 
supplying power to one compressor failed on Day 187 (9.4.1), and the other com- 
pressor of that molecular sieve assembly was used for the rest of the mission. 

The condensing heat exchangers sufficiently cool the gas passing through 
them to condense most of the water vapor. Plate-fin heat-transfer surfaces prO' 
vide enough area to cool the gas to a temperature slightly above that of the 
liquid coolant entering the heat exchanger. The extended heat-transfer surface 
with cross— counter flow on the liquid side, permits srugle- pass flow on the gas 
side. The temperature of the coolant entering the heat exchanger is controlled 
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surfaces provides an absorbent layer which collects 
which condensate flows by capillary action to separa 
exchanger. The separator is a stainless steel grid 
made of sintered glass. It is wrapped in a sheet of 
that is in contact with the fiberglass wicklng mater 
capillary flow path to the surfaces of the filters, 
tors is at a lower pressure than the Saturn Workshop 
sure difference drives the condensate through the fl 
are thoroughly wet. gas will also pass through them, 
on the heat exchanger would wet the separators, the i 


The only unusual incident occurred on Day 25. Control valves in t 
Mps stuck (8.4.1) and reduced the temperature of coolant entering the 
chanprs, apparently causing the condensate to freeze. Instrumentation 
no flow. The crewmen could not directly observe any ice on the heat ex 

Jr gas the compress, 

tpugh they could hear the compressors. The lack of flow indicated the 
flow pph was bpcked. Normal flow resumed after the coolant's tempera 
creased above the freezing point of water* 

Condenspe is stored tempore -lly before being disposed of. It floi 
the heat exchanger to one of two storage tanks (fig. 9-9). Condensate ( 
into either one or both of the tanks. In practice, the 
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primary storage vessel, as it had about 40 times the volume of the airlock tank, 
shown in figure 9-10* Both condensate tanks operate on the same principle* A 

flexible divider (a diaphragm in the sraal^ 
ler tank and a bellows in the larger) par- 
titions the space inside the tank into two 
regions (fig* 9-11). Opening one region 
to vacuum while Che other is sealed 
causes the divider to deflect so that 
the sealed region’s volume increases. 
Pressure in this region decreases. The 
line connecting this region to the sep- 
arators is opened so that condensate can 
flow into the tank, and the other region 
of the tank is closed off. As conden- 
sate flows into the tank the pressure 
increases. Emptying the tank Is neces- 
sary when the difference between the 
pressure in the habitable volume and 
that in the tank decreases enough to 
make separation and collection of con- 
densate ineffective. The part of the 
tank containing the condensate is opened 
to a lower pressure (the overboard dump 
line or the waste tank) , and pressure is 
admitted to the other side of the divider. 
As the divider deflects, it expels the 
condensate* Although collection ind 
disposal of condensate were carried out 
successfully throughout the mission, 
gas leaks prevented use of the full 
capacity of the condensate tanks at 
times (9.4.2). 


Figure 9-10.- Airlock condensate 
storage tank. 


Condensate is transferred from 
these tanks to the waste tank through a 
line ending In a discharge probe equipped 
with an electric heater. Low pressure 
in the waste tank causes evaporation to 


take place as water discharges into 
the waste tank, cooling the water. 
The heater keeps water from freezing 
in the line and blocking It. There 
was one incident of ice forming and 
preventing condensate from being 
transferred to the waste tank* Sev- 
eral attempts to clear the line were 
only partially successful, so the 
crew replaced the discharge probe. 
The trouble did not recur, although 
there was apparently nothing wrong 
with the heater that was removed* 

After leaving the condensing 
heat exchanger, part of the gas 
flowing through one of the two 



Figure 9-11*- Airlock condensate 
storage tank. 
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molecular sieve assemblies passes through an adsorbent canister. Two adsorbent 
canisters are used alternately; while gas is flowing through one, the other is 
vented to space to remove adsorbed gases. Each canister passes from one opera- 
ting mode to the other every 15 minutes. A three-way valve connected to each 
canister directs tuc flow. One position of the valve allows gas to flow through 
the adsorbent canister, a second position stops gas flow and vents the canister 
to space, and the third position shuts off all flow into and out of the canister. 
High-pressure nitrogen from the regulated supply actuates the valve, as commanded 
by a cycle timer. Each canister (fig. 9-12) contains two separate adsorbent beds. 
The synthetic zeolite for removing carbon dioxide also has an affinity for other 
polar compounds, particularly water. Although the gas leaving the condensing 
heat exchanger has a low dewpoint, it still contains enough water vapor to re- 
duce greatly the capability of the adsorbent to remove carbon dioxide. There- 
fore the first section of the canister contains a type of synthetic zeolite which 
preferentially adsorbs water. Drying the gas ensures that carbon dioxide is re- 
moved efficiently in the second section. Tests conducted during development 
showed that the adsorbents were also effective in removing a variety of organic 
and inorganic compounds from the gas stream, including the coolant used in the 
laboratory. The coolant and some other compounds in this group are potential 
contaminants of the Saturn Workshop’s atmosphere, so capability to remove them 
was an advantage. 



Adsorb mode Dt'so?*b rode 

Figure 9-12.- Adsorbent canister. 

Removing water in the adsorbent canister helps to control humidity in the 
habitable volume. Dewpoints were generally maintained within the specified range 
of 46 to 60®F. Initially, the laboratory contained almost no water vapor, since 
it had been purged with dry nitrogen when the Saturn Workshop was launched. High 
temperatures in the workshop and purging with nitrogen before the first crew ar- 
rived could have dried out hygroscopic materials so completely that it would have 
taken excessive time for the dewpoint to rise to the minimum value of 46®F. How- 
ever, the dewpoint reached 46®F after only 7 hours. The workshop was still hot, 
and a high rate of water evaporation by tlie ci as Lh.ey worked there helped to 
Increase the humidity. Later, dewpoints below 46®F occurred several times. 

During extravehicular activities, when only one crewman was in the laboratory, 
the dewpoint decreased, but returned to normal shortly after the activity ended. 
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The dewpoint also fell below 46*^F as a result of the valve problem in the labora- 
tory cooling system, resulting in crew comments that the humidity was too low. 
There were several times while a crewman was using the shower that the dewpoint 
rose briefly. It reached 57®F during use of the shower on Day 251, high enough 
for condensation to take place in the cabin heat exchangers. 

Alternating between adsorption and desorption maintains ciie adsorbents^ ef- 
fectiveness, but desorption at ambient temperature does not ensure complete re- 
moval of water and carbon dioxide. Complete regeneration of the adsorbents re- 
quires bake-out of the canister. This is accomplished by venting one canister at 
a time to space, while an electric heater maintains its temperature at 400^F for 
approximately 5 hours. Experience showed that regenerating the adsorbents was 
not needed as frequently as had been expected. It had been planned to execute 
this procedure at the beginning of each manned period and to repeat it after 28 
days during the second and third manned periods. Each crew, in the course of ac- 
tivating the Saturn Workshop, carried out the procedure for regenerating adsorb- 
ents. The second crew repeated the procedure after 24 days of operation, follow- 
ing an Increase in concentration of carbon dioxide in the habitable volume. Sub- 
sequently, the concentration was lower. It stayed low throughout the third manned 
period, and regenerating the adsorbents was not necessary. The concentration of 
carbon dioxide in the Saturn Workshop remained at a satisfactorily low level dur- 
ing the mission. Preflight analyses based on metabolic rates and adsorption ef- 
ficiencies gave an estimated value of 5 mm-Hg for the partial pressure of carbon 
dioxide during the manned periods. Actual values during the first manned period 
were very close to this. The partial pressure was somewhat higher during the sec- 
ond manned period, with a daily average of about 5.5 mm-Hg. It returned to the 
lower values of the first manned period during the third manned period. 

To remove odoriferous compounds such as butyric acid, hydrogen sulfide, and 
indole, part of the gas flowing through each molecular sieve assembly passes 
through a canister containing activated coconut charcoal. The charcoal cannot 
be regenerated, so spare canisters were provided. The crews replaced both char- 
coal canisters at the same time. The ventilation unit in the waste management 
compartment also contains a charcoal canister. The first crew replaced the can- 
isters on Day 39. The second crew changed canisters on Day 114, when the can- 
isters had been in use for about 39 days, and again on Day 134. The third crew 
changed the canisters, which had been in use for about 45 days, on Day 231. 
Analysis of charcoal samples from the returned canisters disclosed a variety of 
adsorbed compounds. Methanol, ethanol, isopropanol, and acetone were the major 
detectable compounds other than water. Canisters removed during the second 
manned period showed traces of coolant. Comments made by the crews provide the 
only means of assessing the suppression of odors in the Saturn Workshop. These 
comments were quite favorable: *'No problems.,.; when we entered [the laboratory], 

we were quite pleasantly surprised. .. .Waste management compartment odor removal 
was outstanding. .. .Odors just did not persist....** 

9.3 VENTILATING AND CONDITIONING 

The atmosphere in the laboratory circulates continuously to ensure uniform 
temperatures and to prevent local concentrations of carbon dioxide or water va- 
por. The circulation system includes provisions for heating or cooling the gas 
to maintain comfortable temperatures (fig. 9-13). Flow from jhe molecular sieve 
systems can be directed to either the workshop or the docking adapter or to both. 
Cool gas from four workshop heat exchangers is mixed with this flow and additional 





flow from the structural transition section and routed to a mixing chamber la 
the workshop forward dome. 


Condensate he«t 

exchanger units Distribution 



Figure 9-13.- Skylab ventilation syscem. 

Three ducts carry this gas and additional gas from the forward compartment to 
a plenum beneath the floor of the crew quarters. Fixed ducts carry gas cooled by 
heat exchangers in the airlock to the docking adapter. A flexible duct and fan 
circulate gas to the command module. The duct that carries gas to the workshop 
mixing chamber passes through the hatchway in the workshop’s forward dome. Be- 
fore the Saturn Workshop was launched, the hatch was closed and the duct stowed. 
The first crew installed this duct after opening the hatch leading into the work- 
shop. The duct had to be removed and replaced to close the hatch for each extra- 
vehicular activity. The duct leading to the command module passes through the 
docking port, and each crew had to put it in place while activating the Saturn 
Workshop and remove it before undocking Gas enters the workshop through adjust- 
able diffusers in the floor of the crew quarters. None of the crews changed the 
settings of the diffusers from the wide-open position they had at launch- Out- 
lets in the sleep compartments are also adjustable, and the crewmen set them for 
comfort. Air distribution and velocity at crew stations in the docking adapter 
could also be controlled by adjustable diffusers and cabin fans. 

Circulation is provided by 27 identical fans. There is a cluster of four 
fans in each of the three ducts leading to the plenum in the workshop. Two fans 
control local velocities in the docking adapter, and one fan delivers gas from 
the docking adapter to the command module while a crew is aboard. Seven fans 
operate in conjunction with cabin heat exchangers to supply cooled gas; these 
fans, four supplying the workshop and three supplying the docking adapter, oper- 
ate as required. Another fan draws ^as from the waste management compartment 
and discharges it to the workshop through a charcoal filter to control odor. A 
fan in the discharge duct from the molecular sieve assemblies directs gas to the 
mixing chamber. The lemaining three fans are part of portable far- assemblies 
that also include screens and noise-suppressing mufflers. These fans were de- 
signed for an earlier program which require only a short operating lifetime. 

All three crews used a portable fan some of the time to increase gas flow to the 
heat exchangers that supply cool gas to the workshop. The first crew used a 
portable fan to provide more circulation in the workshop. A portable fan was 
sometimes used to cool a crewman operating the ergometer, and one was used to 
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cool the rate gyros in the dockiug adapter. Nine spare tans were cartiedi but 
none of the fans failed during the mission. The fans operated as mucli as 1500 
hours longer tlian tlieir design life of 3360 liours because of some unplanned use 
and the e:« tended mission period. 

Four heat exchangers (fig, 9-14) ran supply cooled gas to the mixing cham- 
ber, If the temperature in the diffuser outlets exceeds the set point by a 

fan tlial directs gas through one lieac exchange i is turned on. With each addi- 
tional increase in lempernture of 1°F, another fan turns on, until all four fans 
are running. All operating fans are turned off if the temperature in the mixing 
chamber Falls to 2“F below the set point. Automatic control is also provided for 
eight ot tlie heater elements in the workshop ducts, The remaining four heater 
elements have manual control. Automatic control of the heater elements is simi- 
lar to tlie lieat exchanger fans. If the temperature decreases below the set 

point, two heater elements come on. If it drops to 2®F less, four lieater ele- 
ments turn on, and so on, 'Wlien the temperature exceeds the set point by 2“'F, all 



Figure 9-14." Cooling heat exchangers. 
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heaters turn off. The heaters were never used during the mission, since the loss 
of the meteoroid shield increased the rate of solar heating of the workshop. 

During the initial unmanned period, when high temperatures in the workshop 
were of extreme concern, cooled gas could not be supplied to the v/orkshop because 
the hatch in the workshop's fon/ard dome was closed and the cooling system re- 
quired crew activation. Only when the first crew opened the hatch leading into 
the workshop and installed the duct leading to the mixing chamber was there any 
cooling available in the workshop. The heat exchangers were not turned on as 
soon as the crew entered the workshop, however, because of the limited power 
available at that time. First, the crewmen deployed the parasol thermal shield 
to reduce the rate at which heat entered the workshop. '’hen, Skylab was maneu- 
vered to the solar-inertial attitude. With power then available, the fans for 
all four heat exchangers were turned on. These events took place on Lay lA, and 
temperature in the workshop immediately decreased (fig. 8-4). All four heat- 
exchanger fans continued to rr.n for the rest of the first manned period, except 
when they were turned off during extravehicular activity. Operation of the fans 
during unmanned periods, when pressure in the laboratory was low, was not planned. 

During the second manned period, the temperature control unit maintained the 
thermal control system in the full cooling mode (four heat exchanger fans) until 
Day 118. At this time all he^t exchanger fans were turned off when the tempera- 
ture was 69.2®F, which was 1.4®F below the set point. The control system later 
turned on the heat exchanger fans one by one as the temperature increased, ac- 
cording to the control system logic. An analysis of the flight data indicated 
that the unit performed its functions correctly within 0.6®F of the design re- 
quirements. 

During the third manned period, the control unit maintained the full cooling 
mode until Day 199. At that :ime, the temperature was yi^^F. The crew changed 
the select temperature to 73.3®F and all heat exchanger fans were turned off. On 
Day 207, when the temperature had reached 75°F, the crew changed the select tem- 
perature to 71.1®F and all heat exchangers were turned back on. All heat ex- 
changer fans continued to run the rest of the mission except when turned off fur 
the extravehicular activity periods. The automatic control unit was deactivated 
on Day 248 to aid in reducing the internal heat geLeration in the workshop. 

After the workshop, the docking adapter is the scene of the greatest amount 
crew activity. Three fans in the structural transition section supply cooled 
^as through three heat exchangers. Fixed ducts carry the cooled gas to the dock- 
ing adapter, and gas can also flow into it from the molecular sieve assemblies. 
There is no direct control of temperature in the airlock and structural transition 
section, but return flow from the workshop and docking adapter prevents tempera- 
tures in these regions frora differing greatly from those elsewhere. 

The crew's comments on ventilation were favorable: "The ventilation and at- 

mospheric cooling were good. ♦. .Ventilation was great. Fans don't make much 
noise." There was some reduction in flowrate that was attributed to dus** in the 
screens. This was improved by more frequent vacuuming (10.1,7). When the dew- 
point reached 57®F on Day 250, condensation in the heat exchangers decreased gas 
flowrates. Flow returned to normal on Day 252 when the condensation was removed 
with the vacuum cleaner. 
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9.4 ANOMALIES 

9.4.1 Molecular Sieve Inverter 

A compressor in one molecular sieve assembly failed to start during activa- 
tion at the beginning of the third manned period on Day 187. The trouble was 
traced to the inverter supplying power to the compressor- The other compressor 
in the same assembly started, and it was used for the third manned period. No 
reason for the failure was ascertained. A cable was carried by the third crew 
which would have allowed operation of the compressor from an inverter in the 
other assembly, but it was not neeoed. 

9.4.2 Water Condensate System 

During the first manned period, the pressure in the condensate system, as 
measured in the smaller tank, was 3.2 to 4.5 psi less than that in the laboratory, 
but when the larger tank was disconnecced, the pressure difference decreased more 
rapidly than expected. Since the leak caused the pressure difference to decrease 
rapidly when the larger tank was disconnected, the leak appeared to be somewhere 
on the gas side of the smaller tank. A spare was available, and this tank could 
have been replaced. Disconnecting the other tank was, however, required only in- 
frequently and for short times, so making the replacement did not se a warranted. 

An additional problem occurred during the second manned period. The pres- 
sure difference was initially 4,2 psi, and this held until waste water was trans- 
ferred from the coiraiiand module. The pressure difference then started to de- 
crease. The crew tried unsuccessfully to locate the leak and stop it. Ti: ^ rapid 
rise in pressure made it necessar^^ to dump condensate nearly every day. Finally, 
the leakage stopped when a quick-discoiinect fitting was uncoupled from the smaller 
tank on Day 112; after this, no leakage was observed for the rest of this period. 

There was apparently no leakage during the third unaianned peric I, during 
which time a pressure difference of 2.9 psi was maintained. Performance was sat- 
isfactory until Day 266, during the third manned period, when a quick-disconnect 
fitting was disconnected. The pressure difference decreased to zero in about 15 
minutes. Sealant applied to the fitting failed to reduce the rate of leakage. 

The crew then put a cap over the fitting, and no more leakage was observed. 
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SECTION 10 
CRiW SYSTEMS 


Crew systems, as used here, includes the equipment provided for living a A 
working in the Saturn Workshop and the man-machine interface with other systems. 
The design of some systems, such as those for extravehicular activity support, 
drew largely on previous space flight experience. Other systems, particularly 
those for the body functions of eating, sleeping, and human waste disposal, were 
based on several new concepts. Some of the more common functions such as stowage 
required adaptation of previous concepts to a new and larger environment. 

The spaciousness of the Saturn Wbrkshop permitted development and testing of 
new mobility concepts and work orientation arrangements. Planned inflight mainte- 
nance was introduced because of the mission duration. However, repairs to equip- 
ment far beyond those envisioned prior to the missiou were accomplished. 

The equipment and subsystems described and evaluated in this section include 
the mechanical and electrical components that are an integral part of the subsys- 
tems. Interfaces with other systems such as experiments and environmental con- 
trol are evaluated only with respect to the human factors involved. Evaluation 
of crew-related functions and eq *ipment developed by or under the cognizance of 
the Johnson Space Center are not reported here, although they are mentioned when 
necessary because of an interface with other activities. Additional information 
on these can be found in references 15 through 17. More detailed discussion of 
crew systems is contained in references 8, 10, and 11. 

10.1 HABITABILITY PROVISIONS 

The size of the Saturn Workshop made possible by the payload capability of 
the Saturn V enabled the crew to be provided with habitability systems and equip- 
ment that are more sophisticated than any previously provided in a spacecraft, 

Ihe crew*s quarters are compartmentalized for the various functions of eating, 
sleeping, body waste elimination, and experiment operation. 

Although **up** and "down” are arbitrary in space, the workshop was designed 
with a "visual gravity vector." One surface is designated the floor, and all 
operations and labeling are planned around this reference surface. Some devia- 
tions from this concept were required as the design progressed; for example, 
the sleep restraints are suspended vertical to the floor, and the fecal v’ol- 
lector requires that the crewman sit on the wall. The gravity vector ori^’^td- 
tiou was not followed in the docking adapter and airlock because of space and 
layout considerations. Some of the equipment in these is radially oriented and 
some is longitudinally oriented. 


10.1.1 Crew Stations 

The term "crew station" is used to describe those nreas where a crewman 
spends considerable time performing tasks. The work space, layout, arm-reach 







envelopes, habitability, and compatibility of the stations inside the Saturn 
Workshop (fig. 10-1) are considered. The external work stations used during 
extravehicular activities are discussed in 10-5. 



Figure 10-1.- Crew station locations. 

The equipment in the workshop is arranged on compartment walls, floors, 
and ceilings, as well as about the cylindrical walls. This is possible because 
of the coinparcment divisions on the crew quarters level and two open grid floors 
which divide the cylindrical volume. This configuration provides more of a 
one-gravity orientation with floor to ceiling effects. The equipment in the 
docking adapter and airlock is arranged about the surfaces of the cylindrical 
walls. A somewhat dissociated arrangement of equipment resulted from the growth 
in the number of experiments and continual additions of stowage items during 
development. 

The performance of the Skylab crews proved that man can function effec- 
tively in a cylindrical module such as the docking adapter. The crewmen took 
longer, however, to adapt to working in this layout than in the floor to ceiling 
layout of the workshop. Each of the crews expressed an orientation problem when 
translating into the docking adapter until they found a familiar piece of exper- 
iment hardware. It also took the crewmen longer to locate a particular stowage 
container in the docking adapter than in the workshop. This suggests that it 
would be more efficient to lay out experiment and stowage hardware in a gravity 
orientation evt*i in small cylindrical volumes. Stowage containers could be 
grouped along one axis or radially in a particular loca^'ion. 

Earth Observation Control and Display .- Located in the forward end of the 
docking adapter, this station consists of a control and display panel, the ex- 
periment camera array and stowagf- container, a speaker intercom assembly, and a 
foot restraint. The foot restraint serves both the control and display panel 
and the materials processing facility station. The crew expressed satisfaction 
with this station. 


10-3 


E arth Observation Viewfinder Tracking s- This si ion is in the forward end 
of the docking adapter and includes the viewfinder tracking system, its associ- 
ated control and display panel, and a clipboard on an experiment cable cover. 

No foot restraint is provided, but there are handholds on the panel for crew 
positioning and operation. The intercom at the materials processing facility 
station is sliared with the viewfinder tracking station. The crewman may also 
use the Earth observation control and display panel and intercom from this sta- 
tion. The lack of a foot restraint ^t the viewfinder tracking system was the 
most significant drawback of the station. It was found highly desirable to have 
a foot restraint for long duration work or at stations which required the opera- 
tion of controls and handling of charts and checklists. The only other problem 
was that the clipboard mounting provisions unsnapped several times during use. 

Materials Processing .- This station is located toward the forward end of 
the docking adapter and consists of the experiment facility, an intercom, a foot 
restraint, and controls for venting the experiment chamber. The foot restraint 
is the same unit provided for the Earth observation control and display panel, 
but repositioned for this experiment. The wall mounting of the experiment and 
the placement of the foot restraint provide the crewman with access to all of 
the experiment equipment, the intercom, and the two experiment chamber vent 
valve handles. The resultant position for the crewman is a compromise between 
a standup attitude and a position wherein he leans slightly forward to operate 
the facility. Operation of the facility was as planned, and no major problems 
were reported. Unplanned stowage of a pressure suit near Che crewman's head 
appeared to cause a minor infringement of the working space. 

Solar Observatory Console .- This is at the aft end of the docking adapter 
and consists of a control and display console, a foot restraint, a chair, and 
an intercom (fig- 10-2). The console was originally designed for use by seated 
crewmen in the Apollo lunar module, and the basic size and shape of the console 
did not change whan incorporated into Skylab. The chair can be mounted to the 
foot restraint if desired. 

The crew comments were generally favorable, except that the crewman oper- 
ating the console interfered with other crewmen translating througn the labora- 
tory or working in the area. This was an annoyance, since the console was occu- 
pied a good part of the time. Crewmen could not read their checVclists by the 
console integral panel lighting alone. Wlien the docking adapter floodlights 
were turned on, the edge lighting effect disappeared but the panel markings 
could still be easily read. Some crewmen preferred using the chair, and some 
preferred the foot restraint. Those who used the foot restraint alone found 
everything within easy reach. Use of the chair restricted freedom of motion 
and reach. 

Structural Transition Section .- This station, in the forward part of the 
airlock, consists of the control and display panels, hardware stowage containers, 
four viewing windows, handrails, and handrail lights. It i*" arranged in four 
equipment groups to allow space for access to the windows and for maintenance 
of the equipment. The space is large enough for a crewman with cameras, sex- 
tants, or other optical viewing devices, yet small enough that sufficient body 
restraint can be obtained for performing two-handed tasks by bracing between 
adjacent equipment surfaces. Handrails and handrail lights are installed at 
strategic locations as an aid during translation and for protection of equip- 
ment. Ancillary equipment, located in the adjacent airlock forward compartment. 




Solar observatory console work station 


Figure 10-2 
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Figure 10-3,- Lock compartment entry from workshop 


TWO containers provide stowage for two life support umbilirals. The aft com- 
partment was originally intended as a separate crew station, but later became 
an extension of the lock compartment. The facility for recharging the maneu- 
vering e:;periment propulsion supply bottles and access to the workshop heat ex- 
changer module are contained in the compartment. The recharging assembly folds 
up when not in use to avoid obstructing crew movements. Shadow- free illumina- 
tion is provided by four light assemblies. 


The lock compartment size was considered good for extravehicular activity 
preparations and operations. It was large enough to accommodate the equipment 
and crew, yet small enough for adequate body restraint. The equipment in the 
compartment was well arranged for efficient use. Removal and return of the 
life support umbilicals were particularly easy. Hatch and repressurization 
valve operations were very smooth. The crewmen bumped their knees on the in- 
ternal hatch sills, however, when their trajectory through the hatch opening 
was not perfect. The comoartment also separated a taain working area in the 
docking adapter from the main living and working areas of tlie workshop, re- 
quiring much additional translation. 


Workshop Forward Compartment .- This is the largest station of the labo- 
ratory. Equipment located in the compartTnenf includes the waste management 
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compartment ventilation fan, food freezers, the refrigeration pump unit, venti- 
lation ducts, fans and a mixing chamber, biocide monitoring equipment, two scien- 
tific airlocks, miscellaneous lockers and stowage provisions, the film vault 
and photographic equipment, the large volume ring lockers, and the large food 
containers. Also stowed and operated in the compartment are the hardware items 
associated with the various scientific, technical, and medical experiments. 

A variety of restraints and translation devices are provided for crew mobility 
and stability during operations. The open floor grid on the floors of the work- 
shop compartments provided for crewman foot restraints, attach points for tem- 
porary tethering, handholds, and communications between compartments. 

The most significant fact about the forward compartment crew station was 
that the large volume did not present any difficulty to the crewmen in trans- 
lation or mobility. Space for the performance and evaluation of the flying 
experiments was more than adequate. The 250-pound food boxes were easily relo- 
cated by one crewman from their floor-mounted launch position to their orbital 
stowage location. The mixing chamber screen provided a work table to handle 
small items, using the retaining force of the airflow. 

Wardroom . - This is a wedge-shaped compartment on the crew quarters level 
(fig. 10-4). Facilities include a galley, food freezer and chiller, food table^ 
viewing window, experiment equipment, crew entertainment center, and stowage 
compartments for flight data, clothing, and other supplies. A curtain is pro- 
\*lded to close the entrance. 

The wardroom proved to be a natural place for the crew to congregate and 
relax, in addition to being the center for food preparation and eating. The 
general size and arrangement of the wardroom, with the centra] table, proved 
satisfactory. There were some problems with access to the food stowage provi- 
sions, and incompatibility with the triangle shoes and light-duty foot restraints 
at the wardroom table. The wardroom table was used as a place to make the many 
flight data chcinges throughout the mission, but was not suitable for this task 
(fig. 10-5). A desk, or similar facility, was recommended for writing reports, 
incorpo^^ating teleprinter messages into checklists, and performing other paper- 
work tasks. Normally used office supplies should also be available. The ward- 
room window, with its changing kaleidoscope of the Earth, was an important aspect 
in maintaining morale, as looking out with binoculars was the most relaxing and 
enjoyable off-duty activity. The window also was used for hand-held photography 
of numerous Earth features. T^e location and orientation of the window proved 
adequate for most operations, but a desire for larger and more windows was ex- 
pressed. 

Waste Management .- This station is a compact rectangular-shaped room loca- 
ted on the crew quarters level (figure 10-6). The compartment includes a urine 
and fecal collection module; a sink with a water dispenser and washcloth squeezer; 
stowage lockers for washcloths, towels, wipes, and tissues; waste processors; 
a urine freezer; fecal dryer; towel and washcloth drying provisions; and neces- 
sary waste management supplies. A folding metal door is Installed at the en- 
trance. 

The compartment was acceptable in size and layout for operation by only one 
crewman at a time* Privacy would have been desirable between waste management 
and personal hygiene functions. Spills and housekeeping tasks anticipated before 
the mission had resulted in a design using solid floors and ceilings, and the 
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Figure 10-4.- Wardroom arrangement 


Figure 10-5,- Wardroom shoving the window and a crewman 
working with a teleprinter message. 
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Com£artmet^ Three sleeping areas (Eig. 10-7) are provided on the 
rs level. Each individual sleep . rea contains a sleep restraint, a 
age for clothing and personal items, an intercom, towel holders,* 
ey curtain. The Science Pilot’s sleep area is provided with mon- 
ipment associated with the sleep experiment. The sleep station was 
heduled sleep periods or as desired for off-duty resting. There was 
re personal stowage space and temporary equipment restraints in the 
. Quietness, ventilation, :?nd personal comfort preferences varied 
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Sleep compartment arrangement 
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Experiment Compartment > - The remainder of the crew quarters level is tlie 
expe iment compartment, which is semicircular in shape. The trash airlock, a 
large amount of medical experiment equipment, the shower, and the workshop 
electrical control panels are located in the compartment. Entry to the oth'»r 
crew quarters compartments is from the experiment compartment. Figure 10-8 
shows the general arrangement of the compartment. 



Layout and arrangements were ade- 
quate and the vertical orientation made 
experiment operations seem more like 
those practiced during training. Equip- 
ment was crowded in the shower area be- 
cause it was added late in the program. 
The noise of the metabolic activity er- 
gometer hindered communication and could 
be heard on the intercoms and tape re- 
cordings. 


Plenum Area .- This is an irregular- 
shaped space (fig. 10-1) under the crew quarters floor between the outer shell 
and the waste tank common bulkhead. It is used for permanent stowage of biolog- 
ically inactive trash. Access to the area and to individual stowage bags was 
satisfactoiy and there was no problem translating through the confined space. 


10.1.2 Water System 


The Saturn Workshop water system includes the necessary equipment for the 
storage, microbiological control, distribution, and dispensing of potable water. 
Potable water is used for drinking, food and beverage reconstitution, crew hy- 
giene, housekeeping, and flushing of the urine separators. Water is also pro- 
vided for servicing the extravehicular activity suit support equipment, the 
fire hose, and certain ancillary experiment equipment. Figure 10-9 shows the 
arrangement of the water system components. 

Water Storage .- This equipment consists of 10 stainless steel, ^)00-pound- 
capacity water tanks evenly spaced around the circumference of the workshop 
forward compartment. Inside each tank is a gas chamber, consisting of a dome 
and a sealed metal bellows. A nitrogen distribution network provides a regulated 
gas supply at 35 psig to the bellows to maintain the water pressure required for 
distribueion . Each water tank can be protected from freezing during unmanned 
periods by an electrical heater blanket wrapped around the circumference of the 
tank. A 26- pound-capacity porcable tank is provided for use as an emergency 
^^ater supply in the event of system failure and for sterilization of the wardroom 
water network during activation for the second and third manned periods. The 
portable tank is also pressurized with gas from the nitrogen distribution network. 

There was concern during the first unmanned period that the elevated temp- 
eratures in the workshop would cause the water in the tanks to expand and dam- 
age the bellows. The first crew verified the integrity of the tanks ven though 
temperatures were approximately 130°F. After the deployment of the parasol 
thermal shield, the workshop temperacures began to drop, and the tank tempera- 
tures became normal within a few days. The tank heaters were not used during 
the mission. Activation and operation of the nitrogen distribution network 
created no problems. 
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Waste management compartment 
water system 

Urine flush 
water system 


Water tanks 
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Water dump 
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W ater Purification .- Equipment is provided for sampling, analyzing, and 
purifying the water using iodine as a biocide. The water purification equipment 
consists of water samplers, reagent containers, iodine injectors, iodine con- 
tainers, a color comparator, a waste sample container, and a cation cartridge. 

Each of the 10 water tanks is charged before launch with an iodine concentra- 
tion of 12 ppm. The crew periodically samples the iodine levels and determines 
the amount of iodine required to keep the level above 2 ppm. The portable tank 
is precharped with iodine to provide a concentration of 100 ppm when filled with 
water. This solution is injected into the wardroom water distribution system as 
a biocide soak during activation for the second and third manned periods. A 
deionization cartridge, containing approximately 66 in.^ of ion exchange resin, 
is provided to remove metallic ions from the potable v/ater- 

During activation of the water system, the first crew reported iodine con- 
centration levels very close to zero. After the initial replenishment, the iodine 
levels in the tanks remained above the predicted depletion rates. Of the 2760 cm^ 
of iodine solution provided, a total of 530 cm^ was injected into the water sys- 
tem during the mission. Each crew returner water samples for analysis and the 
results of these analyses are presented in cable lO-I. 

Water Distribution, Wardroom . - This system consists of a flex line from 
the selected water storage tank connected to a hard line running from the tank 
area to the wardroom table. In the table, the line branches to a heater and 
chiller. The heater is connected to a food and beverage reconstitution dis- 
penser extending through the top of the table. The chiller is connected to a 
food and beverage reconstitution dispenser and three individual drinking guns, 

A water dump system is provided for evacuating the fresh water supply lines 
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Table lO-I.- Returned Water 
Sample Analysis Results 


Analysis perfonned 


Ionic Species levels (mg/ml) 

Caciniutn 
Calciim 
Cnromium (hex) 

Copper 

Iron 

Lead 

Manganese 

Mercury 

Nickel 

Silver 

Zinc 

iodide 

Selenium 

Iodine 

SMicon 

’■■'Otassiun 

Magnesium 

Sodium 

Arsenic 

Aluminum 


Properties 

tlectr'.cal conductivity, 
micra'ho/cn at 25®C 
pH (at 25*0 

Turbidity (Nephelos units) 
Color true, units 


Limiti 

First 
manned 
peri od 

Second 

manned 

period 

Third 

manned 

period 

0.01 

0.01 

0.01 

0.026 

5.6 


0.1 

40 

0.05 

0.01 

0.02 

0.035 

1.0 

0.05 

0.01 

0.005 

0.3 

0.1 

0.29 

0.26 

0.C5 

0.05 

0.02 

O.Of 

0.05 

C.Ol 

0.01 

0.03 

0.005 

0.005 

0.005 

0.0005 

0.05 

0.05 

0.03 

0.07 

0.05 

.. 

0.02 

0.005 

5.0 

o.n 

0.02 

0.01 

Rererence 

25 

33.4 

18.5 

Reference 

0.01 

-- 

0.01 


0.5 

0.05 

1.0 


0.5 

0.5 

0.24 


7.C. 

8.8 

5.9 


0.5 

0.5 

2.5 


0.1 

1.74 

0.62 


0.1 

— 

0.05 


0.3 

0.5 

0.05 

Reference 

only 

36 

32 

310 

4 to 8 

4.6 

4.8 

7.8 

n 

9 

5 

17 

Reference 

only 

1 

5 to 
10 



pensing volume to 8 ounces instead of 
required 8 ounces of water. The food 
adequate, and the water drinking guns 


during filling and biocide flush oper- 
ations and for draining the lines during 
deactivation. The waste water is trans- 
ferred to the waste tank through a re- 
placeable heated dump prc.b;^, which pre- 
vents blockage due to ice formation. 

Figure 10-10 is a schematic representa- 
tion of the system. 

The iwardroom water system equipment 
was used by the crew as planned and op- 
erated successfully. Because of the 
chilling, there was no noticeable iodine 
taste in the water. Usually, the fourth 
shot from the drinking dispenser provided 
the coldest water. No condensation prob- 
lems with the chiller were noted. A 
suspected leak on the food reconstitution 
dispenser was merely blcw-by which tended 
to collect on items with small radii, 
giving the appearance of being a leak. 

The crew recommended increasing the dis- 
6 ounces, since many of the beverage packs 
reconstitution dispensers were considered 
were ”... an excellent piece of equipment.” 
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Water Distribution, Waste Ilanag e ment Compartment ,- This system consists of 
flex lines at the selected water storage tanks connected to a hard line net- 
work that supplies water to the compartment water heater and urine flush system. 
The heated water is released through a dispenser and used for personal hygiene 
purposes in conjunction with washcloths, towels, and the wpyhcloth squeezer. 

The urine flush system dispenser is capable of dispensiiit, 50-millxliter incre- 
ments of iodine to flush the urine separators if microbiological tests indicate 
a need. A water dump system is also provided for servicing the water system 
lines, for dumping the waste wash water collected in the washcloth squeezer bag, 
and for dumping the laboratory atmosphere condensate tank. A schematic of the 
waste management compartment water system is shown in figure 10-11. 
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Figure 10-11.- Waste management compartment 
water system schematic. 


Only two problems occurred with the waste management water system. The 
water dump system operated very slowly and in some cases did not drain completely 
during the second manned period. This was indicative of partial blockage in the 
heated dump probe. Efforts to clear the blockage were unsuccessful, and the 
probe was replaced with a spare unit. The crew found ice in the removed probe 
tip, but an electrical continuity test ruled out the possibility of heater fail- 
ure, so the cause of probe freezeup is not known. No difficult’'" was encountered 
with the new probe. The hot water dispenser valve v^as replaced with a spare unit 
when a decrease in flow was noted. The v/ater dispensing and collection equipment 
was considered v;ell-designed. Installation of the squeezer bag was no problem. 
The water bag dump was performed approximately every 3 days, when the bag was 
about two-thirds full. The urine flush system was not required during the mis- 
sion. 
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Table lO-II.- Premission Water 
Tank Allocation 


r"- — ■ 

Tank number 

Usage 

1 

First wardroom tank, first manned period 

•> 

Third wardroom tank, second ^^anned period 

3 

fourth wardroom tank, third manned period 

4 

Fifth wardroom tank, third t'lanned period 

5 

Sixth wordroorti tank, third mann*‘d period 

6 

Urine flush, reserve, fire hose 

7 

First waste management tank > first anJ second 
manned periods 

8 

Second waste management tank, second and third 
manned periods 

9 

Reserve for wardroom or waste r>a<idgement and 
extravehicular tivity suit loop 

10 1 

Second wardroom tank, second canned period 


Table lO-III.- Water Budget 


Water Manageme nt.- This function 
involves the actual loaded and expel labl». 
amounts of water, the allocation of water 
storage tanks for specific functions, and 
the manner in which water is used by the 
crew* Approximately 6580 pounds of water 
is loaded onboard, of which approximately 
5920 pounds is expel lab le. The premis- 
sion allocation for the various Skylab 
water tanks is shown in table lO-II. 

Table lO-III shows the water budget 
planned before the mission for the ward- 
room and waste management compartments, 
along with other SRylab system require- 
ments. 


Fun' tion 

Maximum 3-c(C-V’.ci 
u<e rate 

Requi rement , 
pOuhds 

. j 

fletdbohr tanks 



Coirmand module return 

Ib/iiianncd cerv^'d 

/2.0 1 

Metabolic 

5 1 ;/day 

302 R. 4 1 

Wa!'tlroom systen bleed 

IS ’ib/nanned period 

45.0 ! 

(en< of mannec) period) 



Wardroom system 

lb lif manned period 

, 

137 u 

microb lOlo'iKdl f'ush 

In !nd and 3rd 


(start of manned perioa) 

periods 


Iodine sampling 


J S 



3282 5 

Waste rrkinagement 
compartment tan^s 



System bleed 

7 5 lo/mam.ed p.riod 

22 3 

(end jf manned ocr-od) 



H'l^sekeeping 

lo/dd/ 

544 2 

Personal hygiene 

3 Ib/dav 

8 

1 Snower 

6 Ib/sftower 

0 1 

Iodine sampling 

(’ .‘/'"'UH/ wr < 

0 3 


U36 fi 

ijrire separator tan. 



Urine flush 

bOU ml /day 

1 ■; 

Urine separator bleed ! 

3 5 It,/ manned period I 

10 5 

Life support umbilical 


34 8 

reservicmg 



Solar observatory 


24 0 

console recharge 



Condensing heat ex- 


3 9 

changers reservicnq 



M479 extinguishing 


1 3 

Iodine 


0 1 


1 

254 9 

iota! ."equi remen t 


48 74 6 

i Margin 


104- 4 

j Unusable 


bfaO J 

i Total onboard 


6DriJ 0 1 


There were no problems associated 
with water management during the mission. 
The crewmen used a total of 3990 pounds 
of water (less than allotted), although 
they drew 60 pounds of water from tank 
number 7 through the water heater into 
the waste tank in an attempt to thaw the 
waste management compartment water dump 
probe. The only water used from tank 
number 9 was for servicing the life support 
umbilicals before extravehicular activi- 
ties. Figure 10-12 shows the water used 
during the mission and the amounts remain- 
ing. Individual drinking water consumption 
was recorded daily, and the amount used by 
each crewman is presented in figure 10-13. 
Liquids were available, however, from other 
sources such as soft drinks, so that figure 
10-13 does not represent the total fluid 
intake. This and differences among indi- 
viduals could account for the considerable 
differences shown in the water consumption 
of the crewmen. The Saturn Workshop sys- 
tem of water storage, pressurization, 

transfer, and general management was completely satisfactory, and is feasible 
for a water system where weight is not a critical problem. 


10.1.3 Waste System 

The waste system samples, processes, and stores all crew metabolic wastes, 
including feces, urine, and vomitus. It provides a means for the crew to perform 
fecal and urine eliminations, to sample and preserve the material for biomedical 
analysis upon return, and to dispose of the remainder. The system consists of a 
fe.,al-urine collector, collection and sample bags, sampling equipmerit, odor con- 
trol filters, a blower, and otner necessary supplies. The components are lo- 
cated in the workshop waste management compartment (fig, 10-14), A functional 
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6000 I 


5000 


4000 


3300 


2000 


1000 


. dnk 
number 

Usage 

Pounds 
rerid i n i ng 

1 

First maniied period , wardroom 

80 

2 

Second -third manned period, wardroom 

0 

3 

Third fiianned period, wardroom 

51 

4 

Third manned period, wardroom 

168 

5 

Third manned period, wardroom 

173 

6 

Contingency-fire nose 

594 

7 

First-second manned period, waste management compartment 

no 

8 

T hir'd manned peri o'*, waste management compartment 

162 


Contingency-life support umbilical 

517 

i 10 __ 

Second manned period, wardroom 

75 

Total expellable at er of t''1rd manned period 
La — 1 i A 1 . — i t !■ 4 -. IT" I r —srziLri r~ 

■Bap 
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Figui^e 10-12,- Water usage. 
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Figure 10-13.- Individual drinking water consumption. 

schematic of the waste system is shown in figure 10-15, The fecal-urine collec- 
tor (fig* JO-'^^) provides for the collection of both feces and urine, using air- 
flow as a substitute for gravity tc separate the waste material from the body. 
Urination may be performed in a standing or seated position, and urination and 
defecation may be performed simultaneously while seated. 
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Figure 30-14.* Waste systcu components. 



Figure 10-15.- Waste syste*.. schematic. 

F ecal Colxection .- Equipment for fecal collection is designed to collect 
all consistencies of fecal matter and to remove odors through a replaceable 
filter. The hinged seat provides access to the mesh liner to permit installa- 
tion of a fecal bag. The seat is contoured and contains airflow holes to allow 
cabin a’ to be drawn into the 1-liter capacity fecal bag. Air is exhausted 
through the bag’s vapor port, through the mesh liner, into the fecal collection 
receptable, and then through the filter before recirculation back into the 
cabin by the blower. Additional backup or contingency fecal bags are provided 
for collection of fecal matter if the collection facility cannot be used, and 
for the collection of vomitus. The crew uses the fecal collection system by 
positioning themselves on the fecal collector’s contoured seat, much L. the 
same manner as in an Earth environment. To compensate for the zero-gravity 
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Airflow holes 



Urine drawer exploded view 


Figure lO-ln*- Fecal-urine ccllection hardware. 

environment, a lap restraint belt, handholds, and foot well restraints pro- 
vided so the crewman may maintain a sufficiently tight seal on the seat. Air- 
flow from a blower separates the fecal matter from the body and retains it in 
the fecal collect* bag. The bag is then sealed for waste processing. A 
separate fecal bag is used for each defecation. An articulating mirror is pro- 
vided as a cleanup aid for the crewman. 

The crew used the fecal collector as the primary mode of collection during 
the mission. The fecal collection equipment worked successfully and the crew 
expressed general satisfaction. The geometry of the fecal collector was satis- 
factory, except that the crew did not like the severe crouched position required 
to maintain a good seaJ with the collector seat. 

The airflow system of collecting feces was a good concept and worked ex- 
ceptionally well; however, it was felt that higher airflow would provide even 
better results. The crew recommended that for longer missions, the seat be 
fabricated from a softer material and the outside diameter widened, making it 
easier to obtain a good airflow seal. The hand giips were always used to pro- 
vide the pulling force necessary to attain a proper seal. The airflow did not 
become uncomfortable and bolus separation was obtained in most cases. There was 
an average of one fecal collection every 2 days per crewman. Controls and wipes 
were readily accessible and there were no difficulties in wiping. Approximately 
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two wipes were used for each defecation and placed in the fecal bag. A wet 
washcloth was used tor final cleaning and disposed of in the urine disposal 
bag. The craw indicated that the articulating 'mirror was necesspiry and always 
used. The collector seat did not become dirty, and odor control was satisfac- 
tory- 


The fecal bags sustained no damage during use. Minor difficulties were en- 
countered ^vliile installing the bag*s inner cuffs in the fecal receptacle, and 
several of the black rubber outer cuffs came loose from fecal bags. These bags 
were discarded. Bag sealing was always done with the blower running, and al- 
though no seals leaked, the crew commented several times on the '^unforgiving" 
sticky adhesive used. The time required for bag sealing, mass measuring, and 
proce55Sor loading was not considered excessive. One crewman recommended longer 
bags. 


Fecal collection using the contingency fecal bags was accomplished on sev- 
eral occasions. As in the Apollo missions, cleanup after using the paste-on 
contingency fecal bag required excessive wiping. It normally took the crew ap- 
proximately 1 hour to perform the contir.gency fecal collection. Although no 
recommendations were made, it was clear that the crew was not satisfied with the 
contingency fecal bag. Since it was used infrequently and there is no obvious 
substitute, they could only convey their dissatisfaction. The contingency fecal 
bag was also satisfactorily used to collect vomitus. A small amount of vomitus 
around the opening was removed with tissue and the bag sealed. A summary of 
expendable fecal collection equipment used during the mission is shown in table 
10- IV. 


Table 10-IV.- Fecal and Urine Collection 

Expendable Items Usage Summary 
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Waste Processor .- Drying of crew feces and vomit bags, pressure suit des- 
iccants, and film vault desiccants is done in the waste processor. The six inde- 
pend:int chambers (fig. 10-14) use mechanical pressure, an electrical heating 
element, and the waste tank vacuum to evaporate the water and dry the material, 
thus prev#>nting bacterial growth. Each sealed fecal bag is placed in one of 
the top j-our chambers after the mass is determined on a specimen mass measurement 
devii-e. Drying time is determined from a chart on the mass measurement device, 
which correlates mass of the specimen with the required drying time. In the 
event the mass cannot be determined, a processing time of 20 hours for normal 
specimens (0 to 200 grams) is used. When the chamber is opened to the waste 
tank vacuum, gases escape from the fecal bag through a vent port in the bag. 
Although the system is designed to reduce drying time by heating at approximately 
105®F, feces may be processed without heat by simply extending the drying time. 
Overdrying does not compromise the biomedical analysis. The dried fecal bags 
are stored in bundles for return and do not require refrigeration. The lower 
two chambers in the processor are reserved for drying the pressure suit and 
film ^ault desiccants. 
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The waste processor pertonned as designel. No problems were ei countered 
in insertion or removal of the fecal bags. Drying time generally ranged from 
26 to 48 hours; a few bags were Left in the processor as long as 4 days. The 
pressure readings were always less than 0.2 psia during processing, and the 
samples were acceptable for biomedical analysis. Each suit-drying desiccant 
required approximately 10 hours drying time. The processor chamber failed to 
evacuate on two occasions while drying a suit desiccant. The crew determined 
that the thickness of the desiccant held the filter saver valve in a closed 
position over the vacuum port. These two desiccants were replaced and no fur- 
ther problems were encountered. Since there was no noted difference between 
fecal specimens dried with or without heat, the electrical heating system was 
probably unnecessary. 

Urine Collection .- Two modes of operation are used for urine collection in 
the laboratory. The first uses airfloi^ as a gravity substitute to draw urine 
through a receiver and hose into a urini^ collection bag. The second mode incor- 
porates a roll-on caff method of collection, using the urine bag directly, with- 
out airflow. Urine is also collected during pressure-suited operations by the 
Apollo-type urine collection and transfer assembly. Each crewman is provided a 
urine collection system contained in one of three drawers mounted in the fecal- 
urine collector (fig. 10-16 and 10-17). The crewman urinates into an inlet 
cone which is connected by a receiver hose to a centrifugal urine-air separator. 
The urine is carried into the urine separator by airflow from the same blower 
used fci fecal collection. The motor-driven urine separator collects urine and 
cabin air, and the spinning action of the vanes propels the urine to the pe- 
riphery of the separator through centrifugal action (fig. 10-18). The cabin air 
exhausts through a replaceable hydrophobic filter in the center of the i^parator 
to the fecal-urine collector filter and blower. The urine passes through a 
peripheral pickup tube and outlet line into the urine bag, where it is temporar- 
ily stored. The accumulation of urine is refrigerated by a cold plate type 
chiller which keeps the urine at approximately 60®F. A heat sink plate, mounted 
on the top and bottom of the separator housing, contacts the urine chiller to 
cool the separator before urine collection. Chilling also prevents the separator 
from increasing the temperature of the stored urine during the separation process. 
A separator and ^separator filter are provided for each crewman. They are in- 
stalled during activation and removed at deactivation for each manned period. 

The urine cuff method of collection is used as a backup mode if the separator and 
blower are not available. The cuff adapts to a urine bag (fig. 10-18) and uri- 
nation is accomplished directly into the cuff's flexible boot. Each urine col- 
lection bag has a capacity of 4 liters and is changed every 24 hours. At the end 
of this daily cycle, the urine volume of each crewman is measured, a sample is 
extracted, and a replacement bag is installed in each urine drawer. The volume 
of the urine is measured with the volume measuring plate, which attaches to the 
urine bag box (fig. 10-19). A lithium chloride tracer, contained in the urine 
bag, is mixed with the urine to provide a means of volume determination upon re- 
turn to the g/ound. To obtain a urine sample, the urine bag is placed in the 
squeezer device and connected to a hose attached to the sample bag. The sample 
bag is placed in the crimper-cutter mechanism and filled by squeezing the urine 
bag. The interconnecting hose is cut and crimped, and the 120- to 130-millilitcr 
sample is then frozen in the urine freezer so that it may be returned to Earth 
for biomedical analysis. 

The centrifugal urine collection system was used as the primary collection 
method, and it appeared adequate. Low airflow was reported in the urine receiver 
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Figure 10-18.- Urine drawer schematic. 


Pressure plate 


during its first use. This vas corrected by installing a fecal bag in the fecal 
receptacle to provide the proper airflow pressure differential between the fecal 
and urine collection receptacles. Low airflow was reported once in urine drawer 
3, and changing the separator filter restored normal airflow. During the sched- 
uled replacement of a centrifugal separator at the end of the second manned per- 
iod, the crew found that a suction line seal had separated from the line. Exam- 
ination of a returned photograph revealed that the seal became debonded from the 
suction line flange, and a repair kit containing a stainless steel inser'_ was 
flown with the third crew. 


Airflow was considered adequate, and the time requited for urine collection 
was not excessive. Noise level of the urine separators was not disturbing ex- 
cept during sleep periods, when the overall noise level in the laboratory was 
relatively low. One change in procedure became obvious to the crew. It was 
more suitable in zero gravity for a crewiaan to hold the urine receiver cone in 
his hand and to float freely while urinating in the standing position than to 
leave the cone in the fixed receiver holder on the wall. The crewmen, as a 
general practice, wiped the excess urine from the receiver with tissue after each 
use. 


Condensation in the urine drawers was minimal and confined to the chiller 
plate. The condensation was removed by wiping daily. Occasionally, the urine 
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Figure lC-19.- Urine collection and sampling equipment. 

hoses were pinched when caught behind the separator motor. This was eliminated 
by properly positioning the hose before closing the drawer. The separator motors 
ware removed as planned at the end of each manned period, and no motor failures 
occurred. The irine collection water flush system was never required. The only 
evidence of urii. odor from the collection system occurred late in the third 
manned period and indicated a failure in the odor control filter. The filter, 
which was designed for 28 days of operation, had been used for 51 days. The 
crew changed the filter, but during the last week of the mission the odor in- 
creased, indicating that the problem wrs in the blower. The blower was not re- 
placed, although spares were available onboard. 

There were no crew comments on donning the roll-on cuff for urine collec- 
tion. There was no physical discomfort due to back pressure when using the cuff. 
The most adverse comments concerned residual urine remaining on the roll-on cuff, 
which caused fingers to become wet with urine during each use. Handling of the 
loose bag during collectlcn and installation in the drawer was not mentioned; 
however, none of the bags were damaged or leaked. No changes in procedure were 
mentioned which would Improve roll-on cuff collection. 

No significant problems were reported relative to urine processing, sam- 
pling, and urine bag replacement, and only minor urine spills occurred during 
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the mission (10. J. 7). The daily sampling and urine bag replacement required 
between 15 and 20 minutes. Each crewm.nn normally performed his own sampling. 

When removing the urine bag box from the urine collector drawer, disconnecting 
the urine bag inlet boot from the separator outlet tube always resulted in some 
urine drops, which were wiped off with a tissue. The crew found it very diffi- 
cult to use the pull tab on the urine bag to draw the urine from the separator 
outlet. There was no evidence of leakage back into the separator from the urine 
bag check valve. 

The urine volume in the returned sample bags was lower than expected, aver- 
aging about 90 to 100 milliliters. During sample extraction, all crewmen no- 
ticed small air bubbles entrapped in the sample. These were most evident during 
the first manned period, since the second and third crews used several techniques 
which reduced Che amount of air entrapped. Some of the crewmen swung the two 
connected bags like a centrifuge, and others sloshed the bag slowly while squeez- 
ing it in attempts to remove the air from the urine. It is not understood where 
the air came from. The most likely source was the centrifugal separator, al- 
though there is no obvious reason for th'; separator to pass excess air. The 
samples obtained from roll-on cuff collection using the urine collection bag also 
contained excess air. There were no problems in obtaining samples from the urine 
collection and transfer assembly. Samples taken during the first manned period 
contained approximately 70 percent air. The crew did not recommend any method of 
reducing air in the samples, nor did they comment on Che method used to squeeze 
urine samples from *-he collection assembly. There was no difficulty in crimp- 
cutting the sample lag tube and pushing the crimped tube into the sample bag. 

Tlie crimper-cutter area around the fecal collector door did not become contami- 
nated . 

No sample bags leaked; however, some bags were damaged either during or 
before removal from stowage. The frozen samples were returned as planned, and 
none of the bags leaked upon thawing. The samples, except for those that were 
low in volume, appeared to be acceptable for the biomedical experiments. The 
accuracy of inflight volume measurement compared to postfliglic analysis using 
the lithium chloride tracer was variable. The inflight measuring system was more 
accurate for samples with higher volumes. The daily urine volumes measured in- 
flight ranged between 700 and 3800 milliliters. The lithium chloride analysis 
yielded a similar range of volumes. A summary of expendable urine collection 
and sampling equipment usage is presented in table 10- IV. 

Urine Freezer .- Individual crew urine and blood samples must be frozen and 
stored. The freezer (fig. 10-14) has a freezing chamber, urine trays, spacers, 
and heat sink containers. It reduces the temperature of the sample to below 
27“F within 3 hours after insertion and to -2,5*F within 8 hours. 

Urine freezer ..emperatures remained within specified tolerances for the du- 
ration of the mission, and no operational problems were noted. The third crew, 
however, had difficulty in inserting the frozen urine trays into the return con- 
tainer. The cause of this difficulty was that the sample bags had frozen above 
the top of the tray. The crew felt that the trays could be forced into the con- 
tainer, and this method was apparently adequate, as no further difficulty was 
reported. 

Urine Disposal .- The dally accumulation of urine in excess of that re- 
quired for sampling is normally disposed of by placing the urine begs and other 
expendables into a disposal bag and ejecting them into the waste tank through 
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the trash airlock. A backup liquid urine dump system is provided in the event 
of failure of the primary method. The liquid urine dump system in plumbed into 
the waste tank through a replaceable, heated dump probe, which prevents blockage 
due to ice formation. 

The liquid urine dump system was not used during the first and second manned 
periods except to evacuate the urine bags before their use. However, during the 
extended third manned period, the shortage of urine collection bags and the prob- 
lem associated with ejecting full urine bags through the trash airlock caused 
use of the dump system approximately 17 times to dispose of liquid urine. On Day 
237, the crew, while :.ctempting to evacuate a replacement urine bag following 
a liquid urine dump, could obtain no flow through the system. Since the dump 
probe heater was apparently operating, it was left on for several hours, and 
later that day flow through the system resumed. As no further problems were re^ 
ported, the most likely cause of the blockage was a buildup of ice on the probe 
which required heating longer than normal to dissipate. The crew indicated that 
the heater was left on for the rest of the manned period to preclude additional 
problems. 

Suit Drying .- Another waste management function is to remove moisture from 
inside the pressure suits after suited operations. The suit drying equipment 
consists of a blower, hoses, and desiccant bags* The suits are attached to a 
portable foot restraint on the forward coiq)a^tment floor and suspended from the 
water tank ring foot restraints by a hanger strap. The blower unit forces drying 
air through a hose into the suit. Moisture is removed by the air and collected 
by the desiccant bags* The bags are subsequently dried in the lower two chambers 
of the waste processor. 

All hardware operated satisfactorily except that the first crew reported 
that the blower housing was too hot to touch. The second crew left the blower 
stOwiage locker door open for additional cooling and no further problems were 
reported. The crew stated that the suits were dried very well and that there 
was no odor to the suits after the drying process. The third crew found dampness 
and mildew on the stowed liquid-cooled garments; however, it is not known whether 
the dampness occurred from insufficient drying or from some stowage condition. 

The problems involved in removing the mildew are discussed in 10.1.7. 

10.1.4 Personal Hygiene 

The personal hygiene subsystem provides all the supplies and equipment nec- 
essary for health and good grooming. It includes a water module for washing, a 
shower, mirrors, hygiene kits, and washcloth and towel drying facilities. Wipes, 
tissues, soap, washcloths, and towels are also provided for use with the equip- 
ment. 

Water Module .- Partial body cleansing is made possible by the module hand- 
washer unit, consisting of a hot water dispenser valve and washcloth squeezer 
(fig. 10-20). The washcloth Is placed in the washcloth squeezer and the squeezer 
handle pulled down to squeeze the excess water out of the washcloth into a bag. 
The water collectec in the squeezer bag is drained through a squeezer filter into 
the waste tank through the vacuum dump system. 
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Figure 10-20.- Waste management compartment water module. 

All crewmen felt that the equipment was a real necessity and that the hard- 
ware operated relatively satisfactorily. It was recommended that the handwasher 
unit be enclosed to contain and control the water better during washing. During 
the first manned period, the water dispenser valve became clogged and was re- 
placed with a spare unit, which restored normal flow. The clogged unit was re- 
turned, and failure analysis disclosed that the wrong seal material had been used. 
A white, flaky residue was also found in the valve, which analysis showed to be 
the result of iodine reacting with a beryllium-copper retaining ring. Two re- 
worked spare dispenser valves were sent up with the second crew, but no further 
failures occurred. During the second manned period, the washcloth squeezer mal- 
functioned. Examination by the crew revealed that the seal was folded back in at 
least one area, allowing water to leak past the piston. Replacement of the seal 
corrected the problem. Tne third crew also cleaned, adjusted, and It .. icated 
the squeezer, and no further problems were reported. A double seal was recom- 
mended to eliminate the problem. The antibacterial bar soap was used at a 
considerably lower rate than anticipated. A total of 55 soap bars were provided, 
11 for the first crew; however, only one bar was used for the entire first manned 
period. There is no available information on soap usage by the second and third 
crews . 

Shower .- This is an enclosure which uses continuous airflow as a gravity 
substitute to move the water over the crewman. A 6-pound capacity water bottle 
is filled from the waste management compartment water heater, pressurized with 
nitrogen, and attached to the grid ceiling at the shower location. The nitrogen 
gas pressurant expels water from the bottle through a transfer hose and a crew- 
operated hand-held spray nozzle. A soap dispenser provides the crewman with 8 
milliliters of liquid soap for each shower. During the shower this dispenser 
fastens to the ceiling with Velcro. A saction head removes water from the crew- 
man and the shower interior. The suctl">n head is connected by hoses to the 
centrifugal separator, which -leposits the waste water into a collection bag. A 
blower pulls the air from the sepa^’icor through a hydrophobic filter that pro- 
tects the blower. Figure 10-21 is a schematic of the shower system. 

Figure 10-22 is a photograph of the shower enclosure in a partially opened 
position. The crewmen agreed that taking a shower periodically was very desir- 
able, but they all commented, to some extent, about the system. The main 
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problem was the iiief f uf the 
blower and suction he':d< Because of the 
low flowrates t the cleanup of water was 
time consuming- On Day 263, the crew 
reported that the blower was inoperative, 
probably the result of water passing 
through the filter into the blower, and 
it was not used again. Although the 
water bottle functioned as designed, the 
crew indicated that the water cooled 
faster than desired- The amount of water 
provided was considered adequate. There 
were some comments about the shower cur- 
tain feeling cold when touched, and crew- 
man reported being cold in emerging from 
the enclosure. The latter was probably due 
to not toweling off inside the enclosure 


Shower 


as prescribed- The shower system 
should be directly connected into the 
dispensing and collecting water systems 
to minimize crew involvement- There 
were also some minor comments about the 
liquid soap. The odor and feel after 
showering were considered undesirable- 
Toward the end of the third manned 
period, the liquia soap was depleted 
and bar soap was substituted- This 
may have contributed to the blower 
failure, as the bar soap would quickly 
break down the hydrophobic filter and, 
in time, clog the separator- 


Personal Hygiene .-- Unbreakable mr 

polished stainless steel mirrors are ^ 

provided for personal hygiene. Mir- | 

rors are mounted in the waste man- ^ ^ 

agement compartment to aid in par- i 

tial body cleansing, shaving, hair 

brushing, hair crimming, and nail Figure 10-22.- Wliole body shower, 

clipping, and one is inside the top 

storage compartment in each sleep area (fig. 10-23). The only adverse comment 
about the mirrors was that they were too dull. 


One personal hygiene kit is provided for each crewman- The kits contain 
equipment for shaving, skin care, dental care, hair grooming, nail care, and 
body deodorizing. The first crew found that certain items in all of the kits 
were damaged by elevated temperatures in the workshop. The hand cream and tooth- 
paste tubes had ruptured. The shaving cream container was intact, but the cream 
had hardened and was unusable. The damaged items were replaced by the second 
crew- The crew expressed a desire for a more personalized hygiene kit- Tliere 
were too many items included that they had not used previously, and they desired 
items that were not included- Also, the kits were hard to open because of the 
double flap design. The crew suggested that the individual kit items should be 
restrained in an open area for easy access. 




FluoracarlwU rubber tuvei aad washcluth drying restraints {fig* iU-24) are 
located in high usage and accessible areas in various compartinents of the 
workshop, A washcloth or towel is inserted by the corner into the restraint 
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Figure 10-24*- Towel and washcloth drying restraints* 
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cup, and is dried by the cabin atmosphere. The drying stations provided a con- 
venient and effective means of drying the towels and washcloths. One reportei 
problem was that towels bad a tendency to stand out from walls if rest^^ained at 
only one corner, and the third crew felt that the restraints were t^o crowded. 
This type of restraint would also have been useful as a general fabric restraint. 

A total of 840 reusable, 12-inch-square washcloths are provided for personal 
hygiene and general cleaning. They are stowed in dispensers containing 28 wash- 
cloths each. Three dispensers, one for each crewman, are located in the waste 
management compartment and provide a 14-day supply at a usage rate of two wash- 
cloths per day per man. Nine lockers in the wardroom C'^ntain resupply wash- 
cloth dispensers. A total of 420 reusable, 14-by-32-inch, individually rolled 
and banded towels are provided for skin drying. Dispenser modules, containing 
13 tov/els each, are located in tiie waste management compartment and wardroom. 

Each module provides a 6-aay supply at a usage rate of one towel per man per 
day. Additional towels are stowed for resupply. Both towels and washcloths 
are made of rayon polynosic terrycloth, with colored stitching for individual 
crewman color code identification. 

The crew used the towels and washcloths in a normal manner for personal 
hygiene and for cleaning windows and wiping up spillage as well. Making the 
towels larger and using a more absorbent material were suggested improvements. 
Towel usage is shown in table 10-V. Extra towels were carried up for the third 
manned period. 


Table 10-V.- Personal Hygiene Items Allocation and Usage Summary 
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Four different types of wipes are provided: wet wipes, dry wipes, biocide 
wipes, and general purpose tissues. The wet wipes are used primarily for food 
cleanup and housekeeping. A wardroom dispenser contains seven wet-wipe packages. 
Dry utility wipes are used primarily fov personal hygiene during fecal collec- 
tion. There are 23 dry-wipe dispenser packages provided at 11 dispensing loca- 
tions: 7 in the wardroom, 3 in the sleep compartment, and I in the waste manage- 
ment compartment. Biocide wipes are used for housekeeping activities that re- 
quire disinfecting, such as cleaning up food spills and removing contamination 
in the fecal-urine system. Five biocide wipe packages are located In a single 
dispenser in the waste management compartment. General purpose tissues are used 
for general housekeeping and personal hygiene. There are 11 tissue dispenser 
packages: 6 in the sleep compartment, 4 in the wardroom, and 1 in the waste 
management compartment. Table 10-V lists the allocation and usage of the wipes. 

The crew found the wipes generally satisfactory. The biocide wipes lef;, 
an Iodine discoloration on wiped areas, but this was not difficult to remove. 


y 










10-2S 


The second crew’s hands became yellow as a result of deactivation cleaning tasks; 
however, this .faded away several days after splashdown. The crew stated that 
they would have preferred a sponge with a handle for biocide wiping. The quan- 
tity of biocide wipes, general purpose wipes, and wet and dry utility wipes pro- 
vided appeared adequate. The third crew ran out of tissues in some locations 
and substituted the utility wipes. They used a large number of tissues because 
of nasal congestion and felt that more tissues or handkerchiefs should have been 
provided. The second crew reported using old shirts and shorts for cleaning 
instead of a general purpose tissue, since cloth cleaned faster and was more 
pleasant to use. 


10.1.5 Sleep 

Three individual sleeping areas are provided in he sleep compartment. 
Each sleeping area has a sleep restraint, a privacy curtain, a lignt baffle, 
air diffusers, lights, a speaker intercom assembly, stowage compartments, and 
temporary stowage restraints. Figure 10-25 illustrates the sleep corapartuient 
arrangement. 



A. Towel holders 

B. Light baffle 

C. General illumination liqht 

D. Intercom 



Sleep 

restraint 











O' ‘ ^ ^ 
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Sleep Restraints ." These adjustable restraints (fig. 10-26) permit each 
crewman to assume a sleeping position of his choice yet provide complete body 
ic£>traint. The> also allow reasonably rapid egress under emergency condltlcns. 
The sleep restraint consists of a welded tubular frame, a thermal back assembly, 
a comfort restraint, top and bottom blankets, a headrest and cover, and body 
stT^aps. These components are constructed of a variety of fabric materials de- 
signed to provide the crewman a range of t henna" comfort and bcdy restraint 
options. The frame, thennal back assembly, and headrest are used by the crewmen 
throughout the mission. The remaining items are changed periodically. There 
are 27 additional comfort restraints, top blankets, aid headrest covers stowed 
in the sleep compartment, providing a change every 14 days for each sleep re- 
straint. There are 12 spare bottom blankets and large body straps and 24 small 
body straps to provide for a changeout every 28 days. One large and two small 
body straps are required tor each sleep restraint. 



There were no significant discrep- 
ancies with any of the sleep re'^train*: 
equipment , and the crew expressed general 
satisfaction. The planned changeout of 
J bedding was probably more frequent than 
necessary, and a reductlou would improve 
j stowage provisions and save time. The 
* crew specifically requested that nomen- 
^ clature be provided on the blankets, 

I headrest insert?, ard body straps for 

identif icaticn and orientation. Several 
crewmen suggested additional elastic 
straps with adjustment capability. One 
crewman requested an easier means of in- 
^l3Ss and egress, although this did not 
appear to be a problem for the majority. 

^ On occasions, the sleep compartment was 

used for temporary stowage during the day, 
and the sleep restraint proved useful for 
^ handling bulky items such as urine bags 
and supply modules. 

Personal comfort preferences and 
sleep disturbances varied with Individual 
crewmen. Because of the meteoroid shield 
problem, high temperatures in the sleep 
compartment motivated several crewmen to 
pL. relocate their re^i^aints to cooler areas 
of the laboratory. One crewman inverted 
Sleep area his sleep restraint in the compartment 

in order to locate his head closer to the 
ventilation outlet. In this position, he 
could not reach the intercom and had to i.istall a low-power portable light for 
reading. Another crewman move I his restraint to the forward compartment floor 
because he didn^t like sjeeping while hung on a wall. He later returned when 
the temperatures there exceedej that of his original sleep area* One crew hung 
TtifOist tcwels in the sleep compartment to obtain the hunjdity they preferred. 

Noise from the waste system fecal-urine collection blower and the airlock coolant 
pumps occasionally disturbed sleep periods. 


Figure 10-26,- 
anJ restraint , 
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Privacy Curtains .- One is provided for each sleeping area to partition it 
off from the other sleep areas. The Teflon-coated glass-fabric curtain is stowed 
against a locker or wall when not in use. The curtain also serves as a barrier 
to block light coming from other sources. It is not, however, designed to block 
or reduce sound entering the sleep area. Each curtain is retained in position 
with Velcro that mates to Velcro on the lockeis and walls. 

The privacy curtains were not used as often as intended because all three 
crewmen slept simultaneously, with most of the lights off in the workshop and the 
wardroom window shade closed. Lighting varied from all lights being turned off 
at night during the first two manned periods to several remaining on during the 
third. The frequency of using the curtain depended very much on crew preference, 
and soundproofing was recommended by several crewmen, 

Light Baffles ,- A nonreflective fabric light baffle is provided in the 
ceiling of each sleeping area to prevent light entrance from the forward com- 
partment while allowing flow-through ventilation (fig, 10-25). It is supported 
by mating snaps and Velcro on the ceiling, walls, and lockers. The baffle in 
the center sleeping area has a section the size of the emergency escape exit 
attached with Velcro to allow breakaway emergency egress. 

Tne crew reported that the airflow tended to collapse the fabric louvers, 
dev^Lcasing air circulation. They corrected this by taping triangular-shaped 
pieces of cardboard adjacent to the louver stiffeners. The light baffles were 
net used as planned, since all workshop lights were generally off and the ward- 
room window was covered during sleep periods. 

10.1.6 Food System 

The food system provides the equipment and supplies necessary for the stor- 
age, preparation, service, and consumption of ford. The system includes a food 
galley ana pantry, food table, food stowage containers, food freezers and chil- 
lers, transfer and resupplv, and food management. The location of the food 
system equipment is shown in figure 10-27. 

Food Galley and Pantry .- This provides for approximately 7 days' stowage 
of canned food and beverages for three crewmen. The food items are stored in 
pullout drawers, which are color-coded red, white, and blue for individual 
crewman ilentifiN^ation. Three wardroom lockers provide transfer and resupply 
stowage, while others restrain miscellaneous items such as utensils, wipes, 
food tray lids, and the specimen mass measurement device. The galley also con- 
tains a trash area for temporary stowage of six food overcans. Used food cans, 
lids, and beverage packets are deposited through a disposal well into the over- 
cans. The galley and pantry with food and miscellaneous items are shown in 
figure 10-28. Items associated with the galley and pantry equipment, such as 
food, food containers, beverage containers, seasoning dispensers, the specimen 
mass measurement device, and food heater trays, are discussed in references 15 
through 17. 

The food galley and pantry system operated satisfactorily; however, several 
comments were made by the crewmen. The major criticisms were that the food had 
to be handled too many times between launch stowage and meal preparation, the 
pantry was not easily accessible to each crewman, and access to a specific item 
within the pantry trays was difficult. The crew suggested that common food 
items be arranged together in some sort of dispenser rather than in trays by 
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d;»ily menus* The food can disposal system was also criticized* This was con- 
sidered a very messy operation becau^je the stowage area was small and difficult 
to keep clean* The surfaces around the six overcan lid openings and the lids 
themselves remained dirty most of the time because of contact with dirty food 
cans. The crewmen also disliked the stowage provision for their iridivldual eat- 
ing utensils* The utensils were hard to reach from eating stations^ the utensil 
compartments illd not restrain the utensils adequately, and the compartments were 
difficult to clean. 

Food Table *- Final food preparation and consumption are done at the food 
table (fig- 10-29 and 10-30), which allows the three crewmen to simultaneously 



Figure 10-27,- Wardroom food 
system equipment* 


Figure 10-23*- Galley and pantry 
stowage locations* 



Figure 10-29*- Food table equipment* Figure 10-30,- Food preparation. 


heat their food and eat in a comfortable and efficient manner* The food table 
pedestal houses the wardroom water heater and chiller* Hut and cold water dis- 
penser valves are provided on the table's upper surface for reconstitution of 
dehydrated foods and beverages. The water chiller also supplies cold water to 
three water guns for individual drinking water. The removable food table cover 
is stowed on the ceiling grid above the table during eating periods. Two ad- 
justable barefoot restraint straps and two triangle shoe cleat receptacles are 
located at each of the three table eating stations. Hip and thigh restraints 
afford a comfortable means of stabilizing the crewman in a s*^ml-seated position 
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at the table. The thigh restraint is hinged at the table to permit selection 
of the desired elevation and at its midpoint for selection of the desired seat- 
ing position. The thigh restraint is adjustable to conform to the crewman's 
thighs . 

Each crewman has a personal, color-coded food tray containing four large 
and four small food can cavities. Three of the large food can cavities can be 
individually heated for preparing frozen foods. The small food can cavities 
restrain small food cans and beverage packets. A removable food tray lid is 
stowed in the galley after the food is heated. 

In general, the crew commented favorably on the food table. The food prep- 
aration system worked extremely well. All table restraints worked well, except 
for the foot restraints. The third crew removed the table foot restraints and 
used the grid floor. Throughout the mission the table was used as a workbench 
and office area for reading and writing. Individual and brighter lighting for 
each crewman was recommended for these types of tasks, and restraints were recom- 
mended on the table top to hold charts, books, checklists, and so forth. 

Food Stowage .- The 11 nonrefrigerated food stowage containers are comnon 
in design and construction. All four sides and uhe back are corrugated aluminum 
panels. The door is similar to the standard locker compartment doors. The con- 
tainer support structure is designed to configure the containers for easy ac- 
cessibility to th^ crew (fig. 10-31). The food is vacuum packed in individual 



Food can 


Figure 10-31.- Food stowage equipment. 

pull-top cans which, when opened, provide a dish from which to consume the food. 
Three sizes of food cans are used: large, small, and pudding. Beverages are 
stored, dehydrated, in accordion beverage packs to facilitate storage and drink- 
ing. The food cans and beverage packets are stored in large and small overcans, 
which are sealed with screw top lids to protect the contents. As the food sup- 
plies within the food stowage containers are depleted, trash and transfer items, 
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suc.t as pressure control unit containers and carbon dioxide absorbent shims, are 
removed from the command module and stored In these empty containers. 

The crew reported that the flanges on the edge of the food containers were 
very necessary as holding devices during transfer and relocation In the food 
container stowage rack. The food containers were one of the largest items which 
the crew had to transfer and relocate, and they indicated that this was very 
easily accomplished. 

There are five food freezers In the workshop, three located In the forward 
compartment and two In the wardroom. The one food chiller, located in the ward- 
room, is used during launch for stowing an ambient food module and In orbit for 
stowing leftover food items as well as experiment items. Each of the food freez- 
ers contains approximately SO pounds of frozen food such as steaks, prime rib, 
and ice cream — enough for three crewmen for 28 days. The refrigeration system 
is designed to maintain the freezers at about -lO^F* Each freezer is accessible 
through a foam-filled outer door fitted with a vented gasket* All frozen food 
is contained in cans and over cans. Figure 10-31 shows the food freezers and 
chiller. 

The food freezers and chiller were considered satisfa tory in operation. 
However, the crew did comment that space utilization was poor even though the 
size of the compartments was relatively small, and that a means of restrainxiig 
loose food items would have been desirable. There was also ice buildup between 
the freezer and canister doors, reducing accessibility and requiring maintenance 
procedures . 

Food Mp;iagement .- ^ood transfer and resupply is part of the process re- 
quired in Fianaging the food system. The crew transfers bundles of food from 
th:- forward compartment food stowage containers every 7 days to resupply the 
wardroom pantry. At the beginning of each manned period, food carried in the 
command mod»!le is also transferred to the pantry for crew consumption. 

Excep' for being time-cons timing, food transfer and resupply was satisfac- 
tory. Food containers were easily released and transferred to their in-orbit 
stowage locations. Food bundles were easily transferred and items installed 
in the pantry drawers. The crew recommended a food handbag as a container to 
aid in the transfer process. 


10.1.7 Housekeeping 

Housekeeping in the Saturn Workshop involves the collection of trash and 
expendable items for disposal and keeping the habitable area free of any agent 
that could promote bacterial growth and undesirable odors. Equipment provided 
for this purpose includes trash bags, disposal bags, a vacuum cleaner, and 
microbial control provisions. Trash is segregated into two categories: bio- 
logically active trash such as urine bags and food cans that require disposal 
in the waste tank to prevent bacterial growth, and biologically Inactive or inert 
trash such as launch restraint hardware and packing material that is stowed in 
the plentim area or e lilable emp^y lockers. 

Trash Collection .- Trash and disposal bags are cylindrical in shape and 
fabricated of vented Armalon. Trash bags are attached to the inside of a trash 
locker door and are used to collect dry and moist solids. A circular, hinged 
door on the locker door allows access to the bag diapliragm for insertion of 
trash without opening the locker door. Disposal bags and urine disposal bags are 


* 


I 


10-34 


designed to ittterface with standard snap patterns in useful locations through- 
out the laboratory. Disposal bags accept urine separators, charcoal canisters, 
and other large, disposable Items considered as contamination sources. Urine 
disposal bags accept the urine collection bags. The difference between the 
disposal bags and the urine disposal bags Is the side stitching on the latter, 
which decreases the bag's diameter. Plenum bags are used for stowage of trash 
from activation and operations that are not considered a contamination source. 
The trash collection provisions are illustrated in figure 10-32. 



Figure 10-32.- Trash collection provisions. 


lio problems were encountered with trash collection; however, some difficul- 
ties experienced during bag disposal are discussed in 10.1.8. Fewer trash bags 
were used than planned, while more disposal bags were used. The third crew ran 
out of disposal bags early in the period. Table 10-VI summarizes the usage of 
trash collection bags. The trash bags were excellent and worked very well. The 
spring top on the urine disposal bags was very convenient; however, crew 
felt that an easier method of sealing the bags for a low-bleed leak would have 
been desirable. It was considered cumbersome to wrap the flaps arcund and snap 
them to preclude the possibility of venting while in the waste tank. The plenum 
bags were handy to hold the dry trash, that Is, empty washcloth, wine, and towel 
containers, when the crew ran short of disposal bags. The plenum bag was con- 
sidered excellent, partially because of Its additional stowage capability. The 
crew recommended soma improvement or relocation in the trash collection provi- 
sions. The location of the trash bags In the wardroom was such that the crewmen 
were frequently climbing over each other from their positions at the table to 
obtain acuiss. They rearranged the trash lockers for a more convenient location 
by removing the trash door nlnge pin and swapping It with a plain locker door at 
a different location. The crew recommended that wet urine Items, wet washcloths. 
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Figure 10-33,- Use of vacuum cleaner to collect hair clippings 


The area around the food table was the most difficult to keep clean. Solid 
surfaces or a removable or hinged grid in the ceiling and floor in the food 
table area would have improved the situation and permitted cleaning of free- 
floating food debris. There were "definite odors" in the wardroom which ema- 
nated from the food disposal wells. These were cleaned with biocide wipes 
every three days. The third crew had several urine spills. The biocide ifipes 
performed satisfactorily in handling these spills. A spill during disposal of 
a urine bag in the trash airlock created a major source of odor, and repeated 
treatment with the biocide failed to remove the odor. It is felt that the bio- 
cide did work on the accessible portion of the trash airlock; however, urine 
probably passed under the lower lip of the airlock into the inaccessible area, 
causing the foul aroma. The solution Co problems like this would appear to be 
In the design of the trash airlock. Similar design problems were noted while 
cleaning the urine separator compartments, since the crewmen commented on the 
poor access for cleaning spills. Poor lighting in the waste management cora^ 
partraent made Inspection of the urine drawers difficult, and there was no way 
to completely clean them. Smooth surfaces within the drawer would have made 
cleaning easier. A minor iodine discoloration was reported on objects disin- 
fected with the biocide wipes. This was not considered significant and the 
crew did not report any serious objection. 
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Some areas were omitted from the housekeeping procedures. For instance, 
the food disposal area was not on the housekeeping procedure, but required fre- 
quent cleaning as It became dirty with food leftovers. Housekeeping schedules 
should not be rigid* that is, roost areas can be cleaned on an as-required basis. 
The crew thought that there was too much housekeeping on a scheduled basis. 

Items such as the fecal collector seat should be cleaned %dien It Is dirty and 
not once a week by schedule. Also screens should be cleaned when they are ob- 
viously dirty. It must be conc^idered, however, that microbial growth is not 
always visible. During the third manned period, the crew found that the four 
liquid-cooled garments were damp and mildewed. They were cleaned with wet 
and biocide wipes, then dried overnight, but the mildew and odor were not 
completely removed, which illustrates that once microbial growth begins it may 
be difficult to remove. The quantity of biocide wipes provided appeared to be 
adequate for all housekeeping tasks, and the usage Is summarized in table 10-V, 
No mention was made of the collapsible rod for cleaning the metabolic analyzer 
exhalation hose. It is assumed that the rod performed satisfactorily- The re- 
sults of the environmental microbiology experiments (references 15, 16, and 17), 
which Involve the analysis of onboard microbial swab samples, will help define 
changes to housekeeping philosophy. 

A microbiological examination was made of a returned urine separator. Of 
the numerous colonies that grew in phosphate-buffered saline washes, 105 repre- 
sentative colonies were isolated for further study. These colonies were picked 
at random and represented all types of colonies seen* From these 105 isolates, 
it was determined that the predominant bacteria were alpha and n*^n-hemo lytic 
streptococcus species, micrococcus species , and bacillus species. All of these 
organisms are normally found in humans or as air c'^ntamlnants. Two colonies 
proved to be staphylococcus auerus, a pathogenic organism. Six colonies were 
collform organisms, also normal in humans. The predominant bacteria seemed to 
be the more resistant forms of bacteria normally found in humans and in the air. 


10.1.8 Trash Disposal 

Two methods of disposing of the trash collected during the mission are pro- 
vided. The nonflammable, biologically passive trash is collected in the plenum 
bags and stowed in the plenum area beneath the crew compartment floor. Flamma- 
ble and biologically active trash is collected in trash bags, disposal bags, and 
urine dispo-jl bags, and is transferred into the waste tank through the trash 
airlock. 

Plenum Area Stowage ,- The plenum bags are stov<== 1 by attaching them to 
cables provided in that location. The plenum bag stowage arrangement is shown 
in figure 10-32, Hooks for attachment are integral to the individual plenum 
bags. The crew encountered no problems with access to the plenum area and to 
individual stowage bags for retrieval of useful items. One plenum bag was filled 
with miscellaneous items and left in the docking adapter xor retrieval in the 
event of a possible revisit at some future date. 

Trash Airlock.- This provides a means of placing possible contaminatlon- 
pijducing trash Tnto the waste tank (fig. 10-34), The trash disposal volume 
oC the waste tank is part of the liquid oxygen tank of the original S-IVB 
St and ifi Isola ted from the habitation area by a common bulkhead . The inte— 
ricr of the tank has a network of flne-mesh screens installed to prevent solids 
and liquids from migrating to space. After Initial launch venting, the waste 
tank is continuously vented to vacuum to prevent possible bacterial growth- 
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Figure 10- 34.- Trash disposal airlock operation. 

The trash airlock is located in the center of the common bulkhead and protrudes 
slightly into the experiment compartment through an opening in the crew quarters 
floor. The interior of the airlock contains a trash lock^ approximately 14 
inches in diameter and 18 inches long» which houses the trash collection bags 
when they are placed in the airlock. Three restraining pins are located on the 
upper ring of the trash lock to restrain the trash bags after insertion. The 
trash lock is isolated from the waste tank by a movable outer door and from the 
habitation area by a hinged lid. A pressure gage mounted on the lid indicates 
the airlock's Internal pressure. To dispose of trash, the crewman rotates a 
valve handle to equalize pressure between the airlock and the habitation area 
and opens the lid. Bagged trash is placed in the trash lock and the lid closed 
and locked. The valve handle is again rotated to equalize airlock and waste tank 
pressures (vacuum), A final movement of the handle lifts and swings the outer 
door into the space between the trash lock cylinder and airlock body and exposes 
the trash bag to the waste tank. An ejector handle is operated to expel the 
trash from the trash lock. The ejector scissors mechanism inside the ltd trans- 
lates the entire length of the trash lock to ensure positive expulsion of trash. 
After expulsion, the extended mechanism prevents migration of trash back into 
the trash lock until the outer door is closed by rotating the valve handle. 

After the door is closed the vent valve is left in the vent position to maintain 
a vacuum in the tra&h airlock to inhibit microbial growth inside the airlock 
body. Figure 10-34 shows trash airlock operation. The trash airlock has a pro- 
jected use of 750 cycles baaed on 5 operations per day. Ground testing has cer- 
tified the unit for 3000 cycles. In the event that the trash airlock becomes 










inoperative, a contingency trash management plan provides for segregatiiig, 
processing, and stowing the trash. 

The total trash airlock usage by all three crews was approximately 660 
cycler, or an average of less than 4 times a day. On occasion the crew 
encountered some difficulties in trash disposal. During disposaJ of a trash 
bag filled with urine collection and transfer as*'"../Llie3, the first crew found 
that the ejection force required was extremely high. This was apparently due 
to a high air content in the urine, which allowed the bags to expand while in 
the airlock* The crew felt that closer control of the amount of material placed 
in the bag, in addition to wrapping the bag with tape, would prevent this. The 
outer door also jammed in the open position when a waste disposal bag containing 
a molecular sieve charcoal canister and four extrave’aicular activity gloves 
lodged in the trash lock cylinder while being dumped* The i^^rew solved the 
problem by cycling the ejector mechanism* During subsequent investigations on 
the ground, it was found that a urine separator with its motor could jam the 
trash airlock* It was therefore recomniended that the crew not attempt to dis- 
pose of the urine separators through the airlock, but stow them in an empty 
experiment sample array stowage container. Air in this container was then 
evacuated to prevent possible bacterial growth* 

Early in the second manned period, the ground noted a slow decrease in 
habitation area pressure, with a leakage rate of 6 lb /hr. The crew was awakened 

6 hours later by the sound of makeup gas 

being added to the atmosphere* They were 

instructed to check the position of the 
trash airlock valve handle and found that 
it had been bumned Into a position midway 
between the pressurize and vent positions 
This position allowed l^akc^o of cabin 
air into the waste tank. The crew then 
began restraining the valve handle in the 
pressurize position with a strap, and no 
further Instances of leakage occurred. 

On some occasions, excessive crew effort 
j was required to compress the lid 0-ring 
f\ seal and disengage the interlock before 
the door liandle could be moved (fig* 
10-35)* The second crew was told that 
they could use one of the spare onboard 
seals if they wanted to; however, they 
chose to continue with the original seal. 
On Day 116, the crew reported that the 
Interlock linkage between the lid lock 
and the outer door handle was bent. This 
could have occurred if the lid latch was 
operated while the outer door handle was 
in the wrong position. The bent rod did 
not affect the operation of the airlock. 
Subsequent video tapes showed successful 
one-man operation after the report of a 
bent interlock linkage. 






Figure 10-35.- Opening the 
trash airlock. 


About midway in the third manned 
period, for no apparent reason, the crew 
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found it difficult to dump full urine disposal bags. Reducing the number of 
urine bags per disposal bag solved the problem. On one occasion the crew 
opened the valves on the urine bags, which resulted in a significant urine 
spill inside the trash lock. Also toward the end of the mission, again for no 
apparent reason, it became necessary to use two men to operate the lock, one 
standing on it to force the lid down and the other to latch it. It was recom- 
mended that the crew deactivate the interlock by taping the linkage, thus re- 
ducing the seal compression and closing force required. The crew did not indi- 
cate whether or not this was done. 

Other than the incidents discussed above, the operation of the trash air- 
lock was acceptable. To reduce the possibility of jamming, continuing care was 
exercised in avoiding overfilled trash bags, urine disposal bags, and large items 
with protrusions. No items were repot led to have been dumped through the trash 
airlock without being placed in some typ-^. of bag. The crew expressed their 
feeling of dependence on the trash airlock and their concern about the situation 
that would result from a permanent malfunction. They also occasionally criti- 
cized the amount of time needed for trash disposal and termed the operation a 
^'nuisance. *' A detent should have been on the valve handle to positively maintain 
the handle in position to prevent atmosphere loss, and the force required for the 
lid latching operation should have been reduced. Since there were no malfunctions 
which precluded use of the trash airlock, the contingency plan for trash disposal 
was never required. 

The available disposal volume in the waste tank for ejected biologically 
active trash was 2233 ft^. Table 10-VII summarizes waste tank usage during 
the mission, a suming the bags w^ere maintained at their extended volume by the 

sublimation of the ice resulting from the 
moisture in their contents. Some biolog- 
ically active trash was disposed of in 
plenum bags (4.5 ft^). Of the 13 used, 
only 9 are known to have been stowed in 
the plenum area. Despite the problems 
of getting the trash into the tank and 
the possibility of external contamina- 
tion, the waste tank disposal concept 
was satisfactory. 

xO.1.9 Debris Control 

The primary active means of debris control in the Saturn Workshop i' the 
use of airflow as a gravity substitute. This is augmented by different types 
of closeouts installed around lockers, equip’^ent, and other structures to pre- 
vent loose debris from collecting in inaccess .ble areas. Special tools are 
provided to assist in retrieving loose items that find their way into tight 
spaces. In the workshop, air is circulated froir a plenum at the aft end of 
the vehicle through diffusers to a mixing chamber located in the forward dome. 

The air is returned to the plenum area by a fan and duct arrangement. This 
configuration provides air velocities ranging from 20 to 45 ft/min, with air 
velocity through the screens of approximately 283 ft/min. The screens are 
cleaned periodically with the vacuum cleaner. Similar arrangements exist in 
the airlock and docking adapter. 

Upon initial entry, the first crew found the laboratory as ”ci?an as a 
whistle,** and only a few small loose hardware items were found. During the 


Table 10-VII. - Waste Tank Usage 


Table lO-VIl.- Waste Tgnk Usage 


Bag 

Vo June 
(ft3) 

Available bags 

Total 

used 

Number 

Volume 

(ft3) 

Number 

Voluotc 

Trash 

1.0840 

>66 

397 

246 

267 

Disposal 

1.41076 

168 

237 

168 

237 

Urine dlspcsal 

1.02909 

204 

229 

204 

229 

Vacuum cleanei 

0.01236 

140 

2 

25 

0.3 

Totals 


878 

865 

643 

733.1 

Use of space 


391 

— 

33X 
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mission, loose debris eventually migrated to the screens where the airflow was 
greatest, that is, the docking adapter ventilation fan screens and the workshop 
heat exchanger and mixing chamber screens. The debris that collected on these 
scrc^-ns was conveniently removed using the vacuum cleaner. The debris closures 
served their purpose with no problems. 

10.1.10 Mobility-Stability Aids 

Mobility-stability aids are provided throughout the Saturn Workshop to 
assist the crew in translating to and from work stations and for restraining 
themselves while performing various mission tasks. Handrails, handholds, the 
triangular grid, and body restraints for the feet, thighs, and lower legs are 
provided as fixed mobility-stability aids for performi.g specific tasks. Port- 
able restraints are provided for use at a variety of work stations. Many other 
items of equipment located throughout the interior serve as mobility-stability 
aids, although that is not their primary function. 

Fixed Aids .- Handrails and handholds shown in figure 10-36 are situated 
in the laboratory to assist the crewman in translating or maintaining temporary 
body stability while performing one-handed tasks. During the mission, it be- 
came obvious that hand-over-hand translation inside a large volume is not re- 
quired as a means of locomotion. The handrails were used primarily as a spring- 
board foi* body movement and as a brake or pivot for reorientation. Since the 
arms are the major means for crewmen to propel themselves in zero gravity, the 
crew felt that there \^as need for more handrails and handholds in high traffic 
areas. These aids should be as close as possible to equipment so that points 
where torques and opposing forces are applied are close together. The crew also 
indicated that many of the handrails located at vorK. stations for stability 
should have been foot restraints. 
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Figure 10-36.- Fixed handrails and handholds. 


Waste management compartment foot restraints enable t.ic crewmen, while 
barefooted, in stockings, or in soft boots, to use the urine collector and 
handwasher, and to perform various hygiene and maintenance tasks with both hands 


t 




F€cal -urine collection module 
Ventilation screen 

Ceiling handraM 


Lap belt (stowed position) 


Handholds 


Bar restraint 


Adjustable Ve'cro attaches 


,;al collector restraints provided at the fecal -urine collection r-odule 
consist of a lap belt to secure the crewman against the contour seat, handholds, 
and a bar restraint which allows the crewman to firmly restrain his lower extrem 
ities. In general, the crew felt that the fecal collector restralntt allowed 
them to accomplish fecal collection satisfactorily, f'ey ail agreed that one 
must uso both the handholds and bar restraint. Some felt that the Ian belt was 
an absolute necessity while others said that it was not required. All crewmen 
commented, however, that in one way or another the equipment served its intended 
purpose. The major objection was the lack of '.dequate restraints when perform- 
ing the various waste management a'^d medical experiment tasks. 


A toe well , located in the door below the handwasher 
stralnt while performing various hyjlene activities, such 
that the crewman can be cl^se to the ceilins airflow debr: 
made *.j specific comments pertaining to the to#* well. 
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in s pole is provided in tlie works? op forward corapartment to 
:wT.an in translating from the hntoh area to the forward floor, 
i this item useful and at times preferred it over the adjustable 
Because of the rigidity of the pole, they could grab it aiid 
on easily and more accurately than with a flexible strap. The 
e that it was p.r.esible to cut one's hands on the roil pins used 
and that the pole also tended to rattle in its fixture whei. 

;h disturbed crewmen attempting to sleep. 

and ceiling of the crew quarters are equilateral triangular 
machined from aluminum plate (fig. 10- 3B). They provide both a 
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Figure 10-39.^ Portable restraints 
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adjusted to three positions relative to the console or folded into a stowage 
position. The platform is designed for iise with the triangle shoes (fig* 10-2) 
and the chair-type restraint assembly (fig. 10-39). The Skylab restraint as- 
sembly provides the crew with a chair-type body restraint for working at the 
solar observatory control and display console. The chair is designed for at- 
tachment anywhere along the foot restraint platform. It has 11 adjustments in 
height above the platform and 9 adjustments in backrest tilt from the seat of 
the restraint. The seaC has five positions of tilt with r spect to the plat- 
form. A tubular foo trail can be employe J as a foot reaction point. The first 
crew used the chair continuously and ^'ound it very useful* 'They felt that the 
chair prevented them from becoming Jred while operating the console. The 
second and third crews thought that the chair merely restricted their reach and 
therefore was of no use. The second And third crews did not report any fatigue 
while remaining in an upright position at the console. The foot restraint plat- 
form, used throughout the mission in the lowest position, permitted the crewmen 
an envelope completely adequate to perform all solar observation operational 
tasks, seemed to offer the best operational stability aid. 

A movable, triangular grid plat form i similar to the solar observatorv plat- 
form, is used for restraint while a crewman Is working at either the materials 
processing facility or Earth observation experiment work stations. The platform 
worked exceptionally well for the Earth observation experiments, Ttie triangular 
grid was constantly mentioned as a good type of restraint. The crewmen agreed 
on the need for a similar restraint at the nearby viewfinder tracking system 
station, and evidently would desire this type of restraint at all work stations. 
The concept of using a single foot restraint platform at different locaticns 
should be discouraged, especially when it must be moved many times during the 
mission* 

Portable Aids.- These are foot iestrain*"s, handholds, tethers, and shoes 
that afford the crewmen mobility and stability in operations throughout the 
laboratory (fig. 10-39), Three pressure garment assembly foot restraints attach 
to the forward compartnient grid floor to restrain the pressure suit boots for 
suit drying, or to generally restrain a pressure-suited crewman. The portable 
foot restraints worked successfully for suit donning and doffing as well as suit 
drying. One of the restraints, modified for use during extravehicular activities 
by removing two heel-retaining pins and the quick- release fastener, was found to 
work very well by the first crew. One crewman, however, had difficulty removing 
his left foot from the restraint during an extravehicular activity. The second, 
third, and backup crews’ pressure suits were fit checked in a restraint to ensure 
tuat the problem did not recur. 

Six portable handholds provide the crewman with handhold restraints wherever 
open grid is available. They can be used with the gloved or bare hand. A 
button-operated, quick-release fastener attaches or detaches the handhold from 
the circular hole in the grid. The first crew used the portable handholds when 
riding the bicycle ergometer- They had trouble with one fastener , and in the 
process of trying to replace it with one from another handle, the second fas- 
tener was destroyed. The tongs that engage the grid apparently were bent. The 
second crew used the handholds t^r stability while performing the crew vehicle 
disturbances experiment, Neither the second nor third crews reported any prob- 
lems. The crewmen concluded that the portable handhold was not required as a 
restraining device. 
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Nine portable tether brackets are used as restraining points for straps 
and equipment restraints wherever open grid is available. The brackets attach 
to the grid hole with a but ton-operated » quick- release fastener and provide 
smooth, rounded attach points (fi^- 10-39). The only reported use of the port- 
able tether brackets occurred during the first manned period, when the crew used 
them to rig ropes with handl^^s for better restraint while pedalling the bicycle 
ergometer. 

Two adjustable, flexible tethers are provided mainly as a supplement to 
the fireman’s pole. One is attached between the workshop hatch bracket and the 
forward compartment floor as a translation aid from the dome area to the aft 
compartment. Tne other tether is attached to the forward compartment wall 
handholds, strung through the condensate tank handholds, and attached to a dome 
handhold. This tether is provided as a maans of guiding and stabilizing the 
condensate tank while translating the tank from its launch location to Its in- 
orbit stowage location. The first ciew used the tethers for initial activation 
of the workshop, but removed them later. The second and third crew used a tether 
for evaluation but removed it and used no translation aid in the area. One was 
broken sometime in the first manred period, but was repaired with tape. The 
tether was judged not necessary or required except possibly during the early 
part of the mission. 

Triangle shoes are proviaed each of the crewmen to enable them to lock their 
feet into open floor and ceiling grids, foot restraint platforms, ergometer foot 
pedals, and the food table restraints. They provide the crew a means for sta- 
bllity, maintaining body orientation, and applying forces with both hands free. 
The laced, high-topped shoes are fitted with an indexing, trlcngular grid cleat. 

A slight rotation in the grid engages and locks the cleat . In addition to the 
indexing cleat, three sizes of cor4ical ‘'mushroom'* cleats are also provided for 
attaching to the shoes to provide temporal^' foot restraint for short-term tasks, 
rne Tzushroom cleats may be Interchanged with the indexing cleat by removing the 
attaching wing nut. They fit into the grid pattern, but do not lock, and require 
that a constant force be applied to hold chem In place at the apex of the tri- 
angle. Crew preference for the type of footwear as vill as the configuration 
of the triangle shoes varied. One of the first crewmen 'vore his triangle shoes 
every morning, with a large mushroom cleat on ais right foot and the triangular 
cleat cn his left foot. Another preferred the soft boots to the t'^iangle shoes 
and wore them at every opportunity. All of the crewmen used the triangular 
cleats on the ergometer. The second and third crews used the shoes with 
triangular cleats most of the time. The toes of the shoes abraded an^' wore 
out from the crewmen’s dragging their toes over surfaces to slow down while 
translating- The second crew took along toe caps which prevented toe wear, 
but which did not help oth<;r parts of the shoe. The third crew carried extra 
shoe tops. In spite of problems, whether real or caused by unusual use, the 
triangle shoes were found to be necessary. The crew thought they were the most 
useful, versatile restraint device available* The mushroom cl«^ats, however, 
would become caught in the grid on occasion, and using the ergometer required 
changing from mushroom to triangle cleats. 

Translation within the vehicle was easily accomplished by pushing off i i 
floating to a particular location. Locomotion modes varied according tc tne 
areas being traversed* Movement in open spaces, such as the workshop dome area, 
was accomplished mostly headfirst along the principal body axis II^ls was also 
the case In the smaller conpartCDents where movement was restricted. Since the 
workshop gravity orientation provided the crewtian with a visual reference system, 
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the crew moved about erect with respect to the arrangement, as one would do 
in any Earth-based laboratory. 

The crew experienced no problems with mobilicy, and they experienced no 
significant notion sickness and very little disorientation as a result of trans- 
lation activity. The crew did not Injure theniselves by impacting stationary 
objects when translating, as such objects had rounded comers and edges wherever 
possible. In iitoving around and stabilizing themselves, the crew frequently used 
their toes. They dragged their feet over the grid, stuck their toos into the 
grid, and hooked their toes under things. The crew consensus was that a good 
foot restraint was superior for most tasks. Points along a crewman s translation 
path where directional changes are necessary or where tunnel entry is required 
must have mobility aids (fig- 10—40)- A buffer ring of soft material is re- 
quired at hatches to protect che lower body extremities during translation 
through the hatch. 



Figure 10-40.- Tunnel entry. 


Handling and translating large f»bjects presented no problems. All large 
portable items should have hanales or handholds on t'.em to enable crewmen to 
guide them while moving them. Long, thin items are easy to handle if one can 
see the end of the item being maneuvered. Moving, slowing dov-n, and stopping 
large or heavy objects is no problan if the crewman has something with which to 
restrain himself. A restraint like the fireman *s pole is required for mldcourse 
correction during translatiun and is helpful for fast translation. Handling 
many small items, however, was difficult, and uniquely designed containers should 
be provided. 
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10.1.11 Stowage 

A rariety of stowage a -vices are provided in the Saturn Workshop for launch 
and In-orbit stowage. These Include containers, compartments, vaults, and equip- 
ment restraints. Individual stowage locations are assigned numbers that aid 
crewmen la rapidly identifying the general area within vrtiich an item Is stowed. 
The equipment stowage provision locations are shown in figure 10-41. Access 
to the various size stowage lockers is provided by a number of different fas- 
tener types. 


food stowage 


Uistt 



Fig are 10-41.- Equipment stowage provisions. 


Stowage Containers . - These are designed to house variot.s items of loose 
equipment. Some of the stowage containers in the workshop ar® refrigerated 
for stowing food, urine, ^d medical specimens- The containers called standard 
compartments, which are the most numerous in the workshop, have identical 
internal diinensijns and door configuration. These nre used ^or launch stowage, 
in-orbit stowage, dispensers, and trash containers- Wit-i the exception of the 
ring lockers, the workshop stowage compartment interiors have holes on zhe 
top and bottom into which adjustable straps or other kinds of restraint hard- 
ware are attached for launch or in-orbit restraint of the stowed items. Items 
stowed in the ring lockers a’^e custom-mounted and are restrained with pemianent 
straps or bolts. Four film vaults in the do.^King adapter and one in tlte work- 
shop are designed with varying wall thicknesses to provide radiation protection 
accordiijg to the filings sensitivity and the length of storage required. The 
various sizes and shapes of the airluck and docking adapter stowage containers 
provide for custom-fitted stowage of experiment hardware and operational equip- 
ment for support of Saturn Workshop systems. The stowage containers are arranged 
to stow equiprient in primary usage areas and in some instances to group together 
similar Items such as spares, resupply items, or photographic equipment. Figure 
10-42 illustrates various typ.ical stu-^age configurations. 
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Figure 10-42.- Stowage compartments. 

stowaL*\^'«,terLJrLlt1oL1 T 

quate access to contained items The d!nr!^* ‘ openings provided ade- 

Phase and were easy to operatHitJ ^^ 0 ? during the launch 

workshop standard compartment door latches failed the 
latch. The crewmen occasionally snagged their cloth provide a positive 

access doors and trash door becLse the door on the workshop tissue 

pletely closed. Some of the crewmen felt that^’th"®* 

^ elastic restraint on the exterior suiL« L doors should have 

They improvised by using the bungee rest Lints 
jnade it difficult to use. Hingl^ the Lors L 

being open at one time and comLiLted th^. t ^ middle prevented both doors 

other. Items in the vault drawers LLL tLn r" the 

from closing. Lids on the drawers would have restricting the drawers 

-.0 reported that the film vaulLdor 

liked the items stowed In a more loeiLl T h that they would have 

should be stowed in one central locfLL lt7l instance, 

stowed in the same location. ’ ^ bools used together should be 


c _ Kestralnt s.- Two general categories of r 
lints are designed to protect the%quipment 

►cation^d*'^^ orbit. In-orbit restraints 

stiLr iTl^L include i: 

sLinLh.^ equipment restraint straps < 

pring bungees, and universal mounts. Th= < 
ro. the oungees attach with hooks or snaos ' 
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&K}iints lock into the triangular grid or clamp onto a handrail (fig- 5-14), 

There is also a supply of self-adhesive snaps and Velcro in the repair kit 
for use wherever desired. 

There was no malfunction of launch restraints. These were used in orbit 
as anticipated, and the in-orbi restraints were used extensively. The first 
crew reported that film cassettes in the workshop film vault kept moving to the 
rear of the drawer. A restraining tab was apparently not locking them in placa. 
Similar restraints in other film drawers apparently wo> ked satisfactorily. The 
second crew found camera equipment loose in one of the drawers. Stowage of 
this equ^ tutent had not been anticipated before launch and no restraints were 
provided. The restraint straps in the workshop containers were somewhat diffi- 
cult to use because they were stiff and rough, and in some cases the buckles 
settled into hard-to-reach places when the locker was partially empty- In gen- 
eral, the sponge rubber type restraints allowed small items to float free. The 
short straps would have been more useful had they been a few inches longer. 

The crew felt that more In-orbit stowage facilities should be provided near 
places where equipment would be used. As an example, more permanent stowage 
provisions for photographic equipment near the wardroom window would be desir- 
able to facilitate photographic tasks at that location. More Velcro and other 
temporary stowage facilities tiroughout the la* otatory were recommended. Two 
stowage provisions that the crew disliked were bags Inside of bags and little 
cubicles for items like flashlights. Launch padding type restraints are not 
needed for in-orbit stowage. 

Placards and Labels .- These provide location information for stowed items 
and procedural information for equipment operation. Each stowage provision is 
fitted with a stowage label that contains the assigned stowage number, the 
items stowed, and their quantities. An alphabetical listing of stowed items 
and the crew checklists refer to the stowage number to aid the crew in locating 
these items. Marking pens are used by the crewman to write on a label or con- 
tainer surface to track the status of the contents or to reidentify the container. 
Stowage location numbers differ from panel numbers. most cases the stowage 
location numbers define different physical locations within the laboratory. 

The crew commented that the location of labels on the tool kits prevented 
easy reading. A more logical numbering system in the forward compartment, to 
separate wall and floor stowage, would have been helpful. Time was wasted in 
searching for chese stowage locations. In areas where many small components 
with similar armies or shapes are used, the placards should include a picture or 
sketch oi each item. The first crew experienced some confusion because the 
trash airlock has both a stowage location number and a panel designation for two 
distinct purposes. | 

Fagteaers .- Nineteen different fasteners are frequently operated by the 
crew. For comparison, these are divided into three categories by their specifi- 
cally assigned function and frequency of use. For example, some of the fasteners 
are designed to withstand the launch environment, and others are used only in 
orbit. Most of the different types of fasteners onboard were used extensively by 
one or more cre%nnen during each manned period. S>^veral of the llfthandle latches 
on the workshop standard compartments and the locking screw latch captive re- 
tainers were broken. The pushbutton latch, used ot the food tray lid, occasionally 
slipped through the latching hole in the mating sut face and required prying to 
release It. Latching was not positive and the latch released when bumped. 
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The results of the ranking of the 19 fasteners by the first and second 
crews are summarized in table lO'-VIIl, The fasteners were evaluated on a sub- 
jectJve 1 to 10 scale with 10 being the highest rating. They are listed in 
ranking order within the three usage categories. Two factors appear to account 

Table lO-'VIII,- Subjective Evaluation of Fasteners 



In-orbit ose % 

Launch and in-orbit use 

Frequently engaged or disengaged 

Infrequently engaged or disengaged 


Kean 


Kean 


Mean 

Fastener 

rati ng 

Fastener 

rati ng 

Fastener 

rating 

1 - }*agnet1c latch 


Springed rimp latch 

8.75 

1, Rifle bolt latch 

6.00 

Z* Handle and trigger 

8.50 

2 . Lift handle latch 

0.50 

2, Thumb screw and 

5.40 

latch 


3. Ball locking pin 

7 X 

dog latch 


u. Squeeze spring 

6.x 

4. Suitcase latch 

6.16 

3, T-bar latch 

5.34 

latch 


5. locking screw latch 

4.75 

4, Springed slot 

5.30 

4. Pushbuttcn latch 

2.x 

6. Restraint straps 

4.33 I 

screw 




7. Twist strap and 

3,50 I 

5. Knob handle screw 

5.00 



hook 


6. Expandable sleeved 

4.00 





pin 






7, Locking collet 

3.67 





pin 






8. Twist lock 

3.00 



for most 01 the differences in ratings ; simplicity of design and operation, and 
sensitivity to minor misalignment between mating parts. The highest rated fas- 
teners are simple, straight-forward designs that can tolerate minor changes in 
alignment. The most consistent criticism of the low-rated fasteners Is that the 
alignment of mating parts is too critical. The magnetic latch, which received 
the most favorable rating, is not suitable as a launch restraint. A useful com^ 
bination might be a magnetic latch and a separate, positive launch restraint, 
which could be held open during orbital operations. In several cases, minor de- 
sign modifications might have resulted in significantly higher ratings. For 
example, the suitcase type latches tended to flop and sometimes reengage after 
release. Built-in friction at the hinge point might eliminate this objection. 
Other critic '.sms concerned fastener usage rather than faults with the fasteners 
themselves. For example, alignment-critical fasteners might be acceptable for 
use on rigid maLing pieces but not on flexible sheet metal covers. 

10*1.12 Illumination 


The Satt*m Workshop is artificially illuminated by fixed and portable lights. 
The fixed illumination system provides interior Illumination for initial entry, 
normal and emergency crew activities, and experiment operations. Portable lights 
provide supplemental illumination for crew use and for television and photographic 
requirements. During the daylight part of the orbits, additional Illumination 
can be obtained by opening window covers. 

Are a Illumination .- This consists of 50 fluorescent floodlights, four 20- 
watt Incandescent fixtures, and twenty 10-watt In candesc^^nt handrail lights. 

Figure 10-43 shows the quantities, types, and locations of these lighting fix- 
tures. Most of the floodlights are located in the workshop, as that is the larg- 
est irea and the distances from the light sources to the work areas are the 
greatest there. The fluorescent floodlights give aximum illumination with mini- 
mu a power consumption. Each floodlight assembly ludes a three-position switch 
to provide high (12,5 watts) or low (9 watts) int ^ity light, or to turn it off. 
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Figure 10-43.- Saturn Workshop internal lighting. 

All four of the 20— watt lights are in the lock compartment. Each replace- 
able bulb is mounted in a reflector lamp housing and covered by a translucent 
lens and protective grid (fig. 10-3), The control switch for the 20-watt 
lights turns on either two or four *.ights, providing two levels of illumination 
aiding in power management. The twenty 10-watt light fixtures are r,ounted 
in the handrails. Fourteen of these are used in the structural transition sec- 
tion and are controlled by dimmers to provide a continuously variable level of 
illumination. The other six are in the aft compartment of the airlock and are 
controlled by a two-level switch to turn on either three or six lights as re- 
quired. The bulb is replaceable and is enclosed in a transparent cylinder. 

The general illumination level is 5 foot-candles at all habitable areas in 
the airlock and at the solar observatory console and materials processing sta- 
tion in the docking adapter. General illumination in the docking adapter is 
3.5 foot-candles when measured along the longitudinal axis. Illuminatlcii levels 
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Table 10-IX,- Illumination Levels There were no problems associated 

with the lighting other than a switch 
malfunction and a slightly greater than 
anticipated lamp replacement schedule » 

The switch problem occurred when two 
floodlights in the doching adapter went 
off. It was found that a switch on the 
control panel was intermittent. The 
switch was cycled until the lights came 
on> and was then taped in this position. These two lights were then controlled 
by the switch on the light assembly* Most of the 10-watt bulbs in the airlock 
were changed out by the second and third crews, because of the decreasing light 
level due to metallic plating on the inside surface of the lamps* Before un- 
docking, the third crew reported that the lights were again approaching the 
replacement level of illumination. 

Displays *- Internal lighting is provided to illuminate the various panel 
meters aiid displays throughout the laboratory* The meter panel internal lights 
proved necessary in order to read the meters whenever power requirements or 
operations dictated a low lighting level* At high laboratory lighting levels, 
meter lighting was not required* The various coloied lights which indicated 
system status some times appeared very bright and distracting during periods of 
operation at low ligl r levels* The crew suggested that the capability to dim 
these lights would be desirable* They also stated that they would like to 
operate the light controls in the docking adapter while seated at the solar ob- 
servatory control and display console, as operations at this console required 
frequent changes in illumination levels. 

Portable Illumination *- Three low power and two high intensity portable 
lights are provided (fig* 10-44) . The low power light uses a replaceable fluor- 
escent lamp identical to those in the general illumination floodlight, but mounted 
in a protective case* It has two light levels, 12*5 watts and 9 watts, selected 
by op^irating a switch mounted on the case* The high intensity light is a wire 
cage enclosure with four permanently installed high wattage fluorescent lamps 
used in pairs* Each pair can be switched to high (75 watts) or low (40 watts) . 

The two pairs may be used at the same time on high power to provide 150 watts. 
Detailed information on ^^iiis light may De found in references 46 and 47* 

The crew used the portable lights where required by attaching them to uni- 
versal mounts and fastening the mounts to various structural oiembers. Thu crew- 
men reported th^*t they all used the portable low power lights at some tlm'B dur- 
ing the mission* The only difficulty encountered was in locating the proper 
connecting cables* They stated that these cables should be color coded and in- 
clude cable caddies with internal locks. 

The high intensify lights were used for television and movie camera opera- 
tion as required by the flight plans (fig* 5-14)* The crew reported that, for 
best results, maneuvering the lights was required, as they \tbtb quite directional 
and created dark shadows* Maximum lighting was used for all scenes and provided 
good results* The controls were behind the lights and difficult to see. Ex- 
tended use of the high intensity 1:., :s in certain areas resulted in locally 
elevated temperatures. 


in Working Areas 


Atm 


Uiit« 

Eiptrlfltnt C(5ftp*r(»nt 
Fonrtrd 

4.5 

'.0 <t iwpriqe dliUn:# of 

1 fpft 
?.E) 

3 fwt fratj the n-jht 



I 





High Intensity light 


This view Is 
rotated 180 ® 


Main cower 
switch 


Fluorescent 
lanp (4) 


System controi switches 


Carrying handle 
(collapsible) 


Low intensity light 


Carryii.g handle 
^ Housing 


Universal 

mount 

bracket 


Grid 

housing 


Universal 

fisount 

bracket 


Connector 


Connector 


Universal 

mount 


Floodlight bulb 
contained within 
housing 


Integral 

Tight 

switch 


Latch (Z) 


Figure 10-44.- Portable lights 


Although it was not considered a portable illumination device, the crewmen 
used the head -mounted lamp from the medical kit to perform some maintenance 
tasks ^ especially in the unlighted plenum area. This lamp provided enough light 
for general tasks (fig* 10-45)* 


10.1.13 Crew Communications 


Comaunication between crewmen within Skylab and between the crew and the 
ground Is provided by an audio system (fig. 10-46), which consist' ^ coiianuni ca- 
tions facilities located at crew stations throughout the labcrai' nter con- 
necting cables also provide a communicate on capability between * and module 

and the Saturn Workshop. Vocal or unaided communication betweei ,m 1^: Also 

possible within the acoustical limitations of the laborato:y con - .rauic d 
the reduced atmospheric pressure. 


There are 10 speaker Intercom assemblies locate 
: docking adapter- E^ch intercom has a built^lr ^Kcr 
microphone with a volume control and switches to allow selection of audio chan- 
nels, tape recording, radio, or intercom transmission* A green advisory light 
Indicates tape recorder operation, and a red master alarm light Is illuminated 
by the caution and warning system- Accessory equipment may be connected at the 
intercom to provide remote operating capability* Aud:*o system operation is de- 
scribed in detail in 5-3* 


Audio System 



using he ad -mounted lamp to disassemble 
the video tape recorder* 


comnunications umbilical, a control head, and a lightweight he.''dset are provided 
for general purpose use during crew work periods. These units connect to the 
intercom and carry voice communications a*^d caution and warning tones only. 

Two extravehicular activity panels in the Iocp. compartment and an intravehicuJar 
activity panel in the structural transition section include communications pro- 
visions for the pressure-suited crewman during extravehicular activities- The 
life support urabilicals include a cable which connects the crewman’s communica- 
tions carrier into tl a audio system through the panels, 


The crewmen generally used the audio system hardware as planned* They used 
the intercoms primarily for ground cominunicaLior -,5 and conversation within the 
laboratory, and the headsets for recording during experiment operation, tele- 
vision press conferences, and the astronaut maneuvering unit op-^ rat ions (fig, 
5-14), Use of the headset did not turn off th- speaker in the itercom. This 
caused some interference and annoyance to nearby crewmen engaged in other a* vi 
ties. Stiffness in the umbilical cables also tended to dislodge the headsc 
An acoustical feedback problem between some cf the intercoms annoyed the crew 
because constant volume control readjustments were re'tuired on the intercoms. 


LU-5fi 



Figura 10-46.“ Crew conunun’ cations equipment. 

This required changes in operating procedure as discussed in 5 3, The third 
crew carried up and installed an attenuation device that gieatly improved tL 

-ecorrwiiil information occurred when the crew attempted to 

.ecord while the ground was F-aying Lack tapes, even though playback waL normal !• 

vL T. H intercoms were adequaf and volume levelf were 

Lctory -option of tl-* feedback problem, the o dio system was satls- 

^^^^^-^"EHnications.- Unaided voice co.nm.mication was sor,.->hat difficult 
and normal conversation was limited to distances of about 5 feet. Thu crew conl^ 

I^r^al workshop from the docking adapter by shooting but^ 

nomal voice communication was impossible. In confined areas such as the ward- 
room Uiere was a tendency to get "close to the guy you Were ta Unc to " Tolu 
nlcatioji between the wardroom or experiment compartment and the dome area was 
possible, but required "yelling." The crew concluded that this conditL'n was 
ue to poor sound traiisa.ission in the 5 psia atmosphere rather t lan to noise' 

’^r The measure. ,isc level was 

cen eJs, wt;ll below tUc specified max: mum level of 72. *5 decibels. 
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10.2 CONTROLS AND DISPLAYS 

Controls and displays include a variety of equipment located throughout the 
laboratory and are the direct interface between the crew and hardware systems. 
Controls, such as toggle s*«itches, pushbuttons, circuit breakers, and hand-operated 
valves, are operated by the crew to bring about equipment or performance changes. 
Displays provide infonu^tion to the crew concerning the operation and status of 
a system or subsystem. These include meters, indicator lights, gages, and video 
displays. Some control panels provide the option of ground control or onboard 
control of laboratory systems and equipment, with primary control capability 
given to the crev during manned periods. Other control functions that do not 
affe manned ; '^es, such as 2-watt transmitter selection, belong to the ground- 
Nozieav.^atare labeling identify the controls and displays to facilitate com- 
munira* I.m and aocumentation reference and to ensure rapid and positive recogni- 
tion. Color coding of selected controls is used to emphasize the specific nature 
of those controls tc the crew. Emergency controls are indicated by red. A black 
and yellow cautionary strip. J band denotes a crew interface that should be used 
th caution and adequate preparation. Controls requiring unusual manipulation 
are marked with operating instructions. Although many controls and displays are 
located at the individual hardware items or systems, the majority are included 
in panels or consoles in the workshop, airlock, and docking adapter. 

Workshop .- All control and display functions which could feasibly be located 
in a single place are on the electrical control console in the experiment compart- 
ment (fig. 2-9). The remaining controls and displays are installed at their 
use location so that operating status may be easily detected at the control op- 
erating position. Tnere were no specific adverse or critical crew comments 
regarding the workshop controls and displays. Several false alarm indications 
that occurred during the mission are disc’sseo in 5.5. The first crew Indicated 
that the use of wickets and partial recesses for preventing inadvertent switch 
and circuit breaker operation was a good concept. The second crew commented that 
finger cltiarances between these devices and the controls were adequate. 

Airlock .- The primary controls and displays for laboratory atmosphere and 
laboratory electrical power system operations are located on panels in the struc- 
tural transicion section (fig. 4-1, 7-18, and 7-19). Control positions are 
shown by indicator lights for momentary switches or detents and by pointers for 
valves and rotary switches. Bar guards provide switch protection and operating 
reaction points. Circuit breakers are grouped by f nction and system. Schematic 
and functional flow diagrams are superimposed directly on control panels where 
there is space or on adjacent areas. Meters are located next to their related 
controls. Switches controlling critical functions on these panels and the ex- 
travehicular activity control panels in the lock compartment are lever-lock type 
toggle switches to prevent unintentional operation by a pressure-suited crewman. 

Control capdbilities of the electrical power system enabled isolation of 
the laboratory batteries until the crew deployed the solar array wing. Subse- 
quent adjustments permitted full use of tne system with only the one wing. The 
capability of the crew to select coolant pumps allowed uninterrupted operation 
when the solar observatory coolant loop indicated malfunctions. Individual con- 
trol of regulators on the cabin atmosphere c- ^rol panel enabled the crew to 
manipulate them to correct nitrogen pressure icgulation problems. Visual alarms 
and annunciators in the caution and warning system were adequate to prompt proper 
crew reaction and provide system troubleshooting capability. Occasionally cir- 
cuit breakers were inadvertently operated, apparently because of the close 
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proximity between the panels and the heavy crew traffic in an area where pass- 
ing crewmen often changed their body position or trajectory. The circuit 
breaker bar guards used did not prevent a stray shoe tip or finger from moving 
the toggle-levor type switches. Although these breakers were superior when 
used regularly for switching functions* push-pull type breakers would have 
been preferable for infrequent usage. 

Docking Adapter .- A number of control and display panels are located in 
the docking adapter. These are primarily associated with operation of the var- 
ious experiment systems. However* the solar observatory control and display 
console includes controls for Skylab attitude and solar observatory electrical 
power. The console is the most complex scientific control and display equip- 
ment flown to date on an orbital mission (fig. 10-2). It is designed for per- 
forming sophisticated solar physics observations using eight telescopes. Con- 
trols include toggle and rotary switches* a **joy-stick** manual pointing control- 
ler* and a keyboard digital address system. Systems monitoring is provided by 
status lights and flags* alert lights* dual scale meters* pulse counters* digi- 
tal displays, an activity history plotter, and two video displays. Experiment 
controls and displays are cei.trally located in a row-column aiatrix configuration 
wherein rows contain individual experiment controls and displays and columns 
contain controls and displays having a common function. Subsystem controls and 
displays are functionally grouped around the periphery area. 

The crew spent many hours at the console performing the solar physics ex- 
periments. The highest incidence of interface problems with the console oc- 
curred on the experiment operations controls and displays. The crew noted nu- 
merous instances when they inadvertently left a three-position toggle switch 
in the wrong position for no apparent reason. This switch has no position- 
indicating display and relies on the operator's visual reference. A crewman 
looking straight onto the panel at some angle below the eye reference point may 
be unable to distinguish the actual position the switch is in. 

One experiment's ready-operate light failed, so the crew could not deter- 
mine when the experiment was actually in an operating mode. An auxiliary timer 
was installed by the third crew to rectify this problem. The crew also found 
the colors and illucunation levels of these lights very annoying. The alert 
status lights were intended to indicate any abnormal and potentially critical 
system condition, such as high control gyro bearing teL.peratures and improper 
aperture door positions. Malfunctions persisted in some of these systems 
throughout the mission. This caused extensive confusion* because when a new 
alert would illuminate* the crewman could not detect its presence among the sur- 
rounding colored lights* which rendered the system ineffective. The crew covered 
the indicators of malfunctioned equipment with masking tape to eliminate the 
problem. The grey and white indicators on status fli-gs should have had more 
contrast for visibility. 

The crew performed very much as they did during their siir-ilator training, 
and the habits formulated then never changed* The most desired change in the 
console was 1.1 ics structural configuration. A "wrap-around" style would have 
made contrcls ar.d displays easier to see and reach. Although there were a number 
of hardware problems and procedural errors* the amount of valuable solar physics 
data collected far exceeded premission expectations. 
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10.3 CREW OPERATION OF EXPERIMENTS 

The operation of experiments was generally satisfactory^ and most experi- 
ments met or exceeded their premission objectives. The human factors problems 
are discussed here, and a description of the experiments and the system problems 
is contained in section 12. 

The scientific airlock system was operated efficiently and easily by the 
crew. It was tight and never failed a leak check. More time than expected was 
needed for pressurizing and depressurizing, which the crew had never practiced 
during training. Consequently, some lead time was necessary to set up an ex- 
periment. No difficulties were experienced aligning experiments in the airlock, 
and no flanges or seals were damaged. While using the scientific airlock as a 
vacuum source to perform a condensate holding tank dump, one of the crewmen 
left the outer door open and the valve in the pressurization position. With the 
desiccant system valve in the open position, cabin air bled overboard through 
the desiccant canister and out of the airlock. Ihe leak was discovered by the 
ground controllers and the crew was asked to configure the airlock properly. 

Handling the contamination measuring experiment instrument was a one-man 
operation and was facilitated by the handle of the canister being located through 
the center of gravity. As operations progressed, the crew noticed that the pho- 
tometer extension rods for use with the airlock became increasingly difficult to 
screw together. This was thought to be caused by a buildup of moisture and con- 
tamination. During rod retraction, the thermal gloves were required but did not 
hinder rod retraction operations. The second crew indicated that the system 
should have been checked out completely and possibly operated inside the workshop 
before its use. 

The ultraviolet panorama experiment activation and manipulation ^7as easily 
a one-m‘n operation. The latching technique and decals on the launch stowage 
structure were adequate. However, the schedules did not allow enough time be- 
tween exposures. One minute was added to these times to allow for adjustments 
in pointing and timing for the upcoming exposure. The crew also said the schedule 
did not allow time to debrief previous experiments before starting. There were no 
problems associated with the workshop lighting levels during operations. 

The far ultraviolet electrouographlc camera experiment operations were per- 
formed as scheduled, and procedures and equipment were adequate. While perform- 
ing the experiment through the scientific airlock, the crew noted that the green 
exposure sequence indicator light was actually brownish red and very low in 
brightness and thus would probably be difficu''t to read during extravehicular 
operations. During the second extravehicular activity of the third manned period, 
three data takes were made even though the crew could not see Comet Kohoutek. It 
was hoped that the comet would be detectable on the photographic data. 

The crew reported that the barium plasma observations experiment setup was 
a lengthy operation and took approximately 2 hours to complete. The barium in- 
jection was visible to the naked eye and was photographed using numerous time 
exposures. During these photographic sessions, there were some difficulties in 
damping the oscillations of the camera mount after exposure actuation. As the 
experiment progressed and techniques Improved, these oscillations were reduced. 

The Kohoutek photometric photography experiment was performed at the desig- 
nated times in the third manned period to obtain photographs of Comet Kohoutek. 
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Not all scheduled photographic exposures could be made because of limitations 
in the window's field of view and the faintness of the comet. 

During replacemen*, of the thermal control coating experiment sample » it 
was was difficult to align the snaps because the extravehicular glove restricted 
visibility and dexterity. The panel was eventually attached by touching the 
center samples with the gloved finger, possibly contaminating them. Although 
the experiment was not designed for replacement in orbit, the problem could 
possibly have been eliminated with the addition of guide pins and alignment 
marks. The samples were easily retrieved. The crew stated that the overall 
design of the cxpertineat hardware was adequate, but they felt that a heel re- 
straint would have been helpful for stabilization when retrieving samples. 

The materials processing experiment operation was similar to ground train- 
ing except for the time required to heat or cool the specimen and to obtain a 
sufficient vacuum in the facility. The crew stated that the training unit was 
excellent and identical to tha flight, unit. Since they had never evacuated the 
facility during training, the crew thought that the slow bleed-down the first 
time the vacuum gage was used indicated a faulty gage. They experienced no 
problems in handling the specimens as long as they observed proper cooldown 
time. 


The crew enjoyed performing the electric furnace experiment. The equipment 
worked as designed and was easily installed into the materials processing cham- 
ber. The specimen cartridges were very well identified to permit coordination 
of sample data. The operations were clearly defined, and no problems were ex- 
perienced. 

The manual navigation sightings experiment window hood, which was used to 
shield the wardroom window from internal reflection, was considered a definite 
necessity. The crewman found it difficult to hold the sextant steady during 
sightings, and emphasized the importance of body position and posture in obtain- 
ing accurate sightings. During an early operation, one crewman developed muscle 
cramps in his arms and legs. He devised a restraint system tc hold him in posi- 
tion at the window, using a long strap hooked over a bar, and felt this improved 
the accuracy of his sightings. There was a distinct difference in ease, ability, 
and accuracy of the operation, depending on whether the stars were located up and 
down or left to right relative to his body posture. 

It was difficult for crewmen to remove their fingers from the pointing con- 
trol knobs on the sextant without moving it. They could get a good alignmeLt, 
but when they released their fingers, the knob would move slightly. The control 
knobs should be easy lo move, but not so sensitive. The crew also disliked the 
design of the knobs on the filters because they could not tell whether the filters 
were in or out. The crew experienced pointing difficulties because the shape of 
the case and the location of the strap made it difficult to hold the sextant in 
the proper position at the window. They felt they needed phosphorescent align- 
ment marks to get the line of sight directed between two stars. They also sug- 
gested the use of a colored filter so that they would not lose track of the 
particular star they were sighting, which was a problem when holding the sextant 
at odd angles. The system should have been designed so that all controls could 
be operated without the crewman removing his eyes from the reticle sight. Having 
the sextant readout inside the reticle would prevent losing sight of the star 
while taking readings. 
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The inflight aerosol analysis data cards were not large enough to allow 
sufficient area to record all the required infonnation. 

10.4 INFLIGHT 1AINTENANCE 

The feasibility of performing inflight maintenance, and uhe value of this 
capability, was effectively demonstrated as successful repairs during the first 
manned period in effect saved the mission. Procedures and hardware were devel- 
oped on the groimd, and crewmen practiced in trainers and the neutral buoyancy 
simulator to perform tasks which had been considered impractical or infeasible 
prior to the mission. The continuing degradation or failure of certain equip- 
ment also resulted in the planning of additional maintenance activities which 
were carried out during the second and third manned periods. 

Initial Saturn Workshop design concepts depended on the use of hlgh-relia- 
billty hardware and excluded the requirements for inflight maintenance. As 
systems im ceased in magcltude and complexity and the mission lengthened, it 
became apparent that, even with hlgh-reliablllty hardware, failures could occur, 
jeopardizing the crew and the mission objectives. The philosophy gradually 
evolved to a concept of providing for considerable mainteu'*'re, but with a 
number of limitations, such as no maintenance on electrical circuits and none 
during extravehicular activities. Provisions were made for three categories of 
Inflight maintenance' scheduled activities for normal cleaning and replacement 
tasks, unscheduled activities for anticipated repair and servicing of designate -1 
equipment, and a general capability for unexpected or contingency repairs. 

Scheduled Inflight Haintenance .- This category was established for periodic 
cleaning or replacement of consumable, cycle-sensitive, or time-sensitive equip- 
ment (table 10-X). Requirements are included in the crew checklists as part of 
the normal housekeeping tasks, but are held to a minimum to conserve crew timw. 
They are scheduled in the dally flight plans and generally Include the cleaning 
or replacement of such items as waste system and environmental control filters. 
Scheduled maintenance tasks were performed much as planned. However, a few tasks 
were added, and the frequency of performance was varied as the mission pro- 
gressed. No significant difficulties were reported in performing the tasks. 
Onboard tools, spares, and procedures were adequate for a LI tasks. The crew in- 
dicated that the tasks could have been j<erformed efficiently with little or no 
training. 

Unscheduled Inflight Maintenance .- Provisions are made for replacing failed 
components, installing auxiliary and backup hardware, and servicing and repairing 
certain equipment as required. Spare components, tools, and procedures are pro- 
vided for performing 160 different unscheduled tasks, and the crew is trained to 
perform each. The selection of tb' se tasks was based upon analysis of failure 
criticality, failure probability, failure effects on the mission and the crew, 
complexity of the required maintenance, support required, and time to perform 
the maintenance. Table 10-XI shows the unscheduled tasks planned and performed 
and spare components used. No significant problems were reported by the crew, 
and tools, spares, and procedures were adequate. 

Contingency Inflight Maintenance .- In addition to the provisions for 
scheduled and unscheduled maintenance, •'ools and materials are Included to per- 
mit repair of failed equipment for which no specific maintenance task could be 
anticipated. Items such as tape, wire, C-clamps, oilers, a vise, twine, hanmers. 






T 


10-62 


Table 10-X.- Scheduled Inflight Maintenance Activities 


Task description 

Planned 

frequency 

of 

perfoniiance 

Actual frequency of 
performance during 
manned periods 

First 

Second 

Third 

Vacuum cleaninq tasks 
Atmosphere inlet screens: 





Air mixing chamber, airlock and docking 

7 days 

7 days 

3 days 

2 days 

adapter fans 

Waste managentent compartment: 





Debris coarse filter 
Debris coarse-fine filter 
Debris fine filter 

7 days 

Added 

Added 

7 days 

3 days 

2 days 

Workshop heat exchanger fans 
Workshop heat exchanger vanes 
Workshop vent valve filter 

Added 

Added 

Activation, 

2nd and 3rd 
manned periods 

7 days 

3 days 

Acti- 

vation 

2 days 
6 days 
Acti- 
vation 

Replacement tasks 
Waste management compartment: 





Vent unit fine filter 

7 days 

7 days 

12 days 

12 days 

Vent coarse-fine filter 

28 days 

Day 39 

Day 134 

Day 214 

Filter and charcoal cartridge 

28 days 

Day 39 

Day 134 

Day 213 

Fecal collector filter 

28 days 

28 days 

28 days 

28 days 

Urine separator filter 
Urine separator 

28 days 
Deactivation, 
1st and 2nd 
manned periods 

Deacti- 

vation 

Deacti- 

vation 


Shower filter 

7 days 

Following crew showers 

Molecular sieve solids traps 

11 days 

11 days 

11 days 

11 days 

Holecular sieve charcoal canister 

28 days 

28 days 

28 days 

28 days 

Carbon dioxide detector cartridges - Inlet 

14 days 

14 days 

14 days. 

14 days 

- outlet 

Oxygen partial pressure sensor 

28 days 
Activation, 

2nd and 3rd 
manned periods 

14 days 

14 days 
Acti- 
vation 

14 days 
Acti- 
vation 

Console coolant water filter 
Airlock gas coolant separ tor 

Before and 
after Earth 
observation 
experiment 
operation, 

1st manned 

period 

Activation, 

2nd and 3rd 
manned ^erlods 

Day 15 
Day 36 

Day 133 

Day 236 


and tweezers are Included in the tool inventory for this purpose. During the 
mission, additional tools and equipment were launched with the crews to trouble- 
shoot and correct malfunctions for \dilch onboard maintenance support was Inade- 
quate. Other contingency situations occurred that were resolved with the onboard 
support equipment, but required that step-by-step procedures be developed on the 
ground and transmitted to the crew. The following paragraphs relate, in chrono- 
logical order, the contingency Inflight maintenance tasks performed by the crew. 

On Day 13, the crew successfully deployed a parasol thermal shield, carried 
In their command module, from the +Z scientific airlock to lower temperatures in 
the workshop and make it habitable (fig. 3-11) . The parasol thermal shield con- 
sisted of four spring-loaded, telescoping ribs and a folded shield stowed In a 
modified experiment canister. The canister was Installed In the scientific 
airlock and the parasol extended by means of a center extension-retraction rod 
to a distance of 21 feet from the workshop, t which pplnt the parasol opened 




VI dM Mitch Mi«r ubie 1 
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out* The center rod was then retracted to brinti the shield to a standoff 
position close to the workshop's outer surface* 


The ultraviolet stellar astronomy articulating mirror system gear nech- 
anlsm jananed and was disassembled on Day 18 so that a metal tab could he bent 
out of the way of the gears. The ergometer experiment pedals were lubricated 
with the tool kit general purpose lubricant on Day 22 to reduce squeaking dur 
lug operation* 


The workshop solar array wing 1 was deployed during an extravehicular 
activity on Day 25 (3*3-2) > using onboard tools and equipment and other tools 
brought up in the command module. This was accomplished with very little de- 
viation from the procedures developed on the ground and transmitted to the 
crew* Equipment setup and translation present'd no problems. After attaching 
the cable cutter, the Commander translated to the wing vent module and attached 
one of the hooks of a beam erection tether, which had been fabricated from on- 
board thermal shield hardware. With both crewmen at the fixed airlock shroud 
area, the Science Pilot attempted to pull the cable cutter rope and cut the 
debris strap* After several pulls without success, the Commander translated to 
the debris strap to examine the cutter jaws. As the Commander reached the area, 
the cutter severed the strap* the beam moved out about 2 feet, and the tether 
became slack* This resulted in an unstable restraint condition and some gyra- 
tions for the Commander, as he grabbed the tether and pulled himself back to 
the shroud. The two crewmen pulled the slack from the tether and attempted to 
pull tlie beam to an erect position. Wlien this was unsuccessful, the Commander 
again translated to the beam hinge and lifted the tether to his shoulder, facing 
the shroud (fig- 10-47). With both crewmen applying significant force to the 
tether, the beam actuator clevis broke (4,2.1), releasing the beam and causing 
another unstable restraint condition for both crewmen. This was not serious, 
however, and they were soon restrained at the discot e antenna bu^m area* The 
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return to the airlock and the disassembly and stowage of the deployment hard- 
ware were accomplished with no difficulty. 

Because the experiment tripod was needed to support the parasol container, 
a backup unit had been stowed in the command module. The backup tripod did not 
fit the mounting provisions properly, so on Day 29 the crew used attaching 
hardware, salvaged from throwaway launch restraints, to mount the tripod. Dur- 
ing the extravehicular activity on Day 39, a crewman struck power conditioner 
15 with a hammer to free a stuck relay and restore battery charging regulation. 

The twin-pole thermal shield was deployed over the parasol during the first 
extravehicular activity by the second crew on Day 85. The shield and all equip- 
ment necessary for deployment had been developed, tested, and launched with the 
first crew. Two crewman passed the equipment through the extravehicular activ- 
ity hatch into the fixed airlock shroud area. Using the film transfer boom, 
they transferred a foot restraint assembly, the pole baseplate, and the packaged 
shield to the solar observatory A-frame outrigger structure. The foot restraint 
was locked in place and one ‘crewman installed the baseplate on the outrigger 
while the other crewman assembled the pole sections and clotheslines. As the 11 
sections forming ea^ih pole were assembled, the crewman on the outrigger locked 
them into the baseplate. The shield bag was opened and the shield was attached 
with hooks to rings on the clothesline. The shield was hoisted like a sail to 
the ends of the twin poles, and the whole assembly was swung toward the exposed 
area of the workshop and locked. Two reefing lines at the comers of the shield 
nearest the solar observatory were secured to the outriggers, completing the 
shield deployment (fig. 10-48). The installation was not difficult, and no 
major problems were encountered. 



Figure 10-48.^ Thermal shield deployment configuration. 
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After deploying the thermal shield, the crew removed the latch ramp from 
one solar observatory experiment aperture door latch mechanism to eliminate 
binding of the door during opening and closing. Two bolts that secured the 
latch ramp were removed with a wrench from the tool kit. On Days 90 and 95 ^ 

the laboratory tape recorders were disassembled and the cause of failure was 
isolated to a worn drive belt. All tools necessary for this task were avail- 
able onboard. The crew reported on Day 98 that the rope on the Mark I exer- 
ciser had broken. The crew successfully replaced the rope in accordance with ; 

an uplinked procedure, but had to improvise in tightening a clamp screw, because < 

the tool kit did not contain the proper size hex wrench. An attempt was made on ^ 

Day 99 to isolate air leakage in the condensate dump system by pressurizing the 
system and bubble-checking the plumbing joints with a soap and water solution. ’ 

The leak was not located, but it stopped after replacement of the dump probe. 

A visual inspection of laboratory coolant lojp lines and fittings was per- 
formed in two phases on Days 99 and 101, after .excessive loss of coolant was de- ; 

tected. The crew removed a number of structural panels to gain access to the • 

plumbing, but found no internal leakage. The supplementary rate gyro package, or 
"six-pack,” developed during the second unmanned period, was installed and acti- 
vated on Day 103 in a combined extravehicular and intravehicular activity. All 
tools and equipment necessary for installation and checkout were included with 
the six-pack. The crew also removed two more aperture door latch ramps to 
eliminate binding, using the same procedure as before. A screw from one of the 
ergometer pedals, which had loosened and become lost, was replaced from an ( 

assortment of spare screws on board on Day 107. The new screw was broken dur- ! 

ing installation and the file blade of the Swiss army knife was used to slot 

the screw so that it could be removed with a screwdriver- A second screw was [ 

removed from a spare urine separator and successfully installed in the pedal. 

Low airflow in the ventilation ducts was corrected on Day 111 by vacuum- 
cleaning the heat exchangers. An adjustment to the multispectral scanner ex- 
periment was successfully performed on Day 113 to correct a film overexposure 
problem which had occurred durxng the first manned period. A tool kit screw- 
driver blade had to be filed down with the Swiss army knife file blade so that 1 

it would fit the adjusting screw. Four printed circuit boards were removed 
from the video tape recorder on Day 117 to be returned for failure analysis J 

(fig. 10-45). The crew also performed a troubleshooting procedure on Day 117 
to determine the condition of the condensate dump probe removed on Day 111 be- 
cause of ice accumulation. Checkout of the probe heaters using the digital 
multimeter revealed that che heaters had not failed, and the probe was restowed 
for use as a spare. ; 

During deactivation by the second crew, one of the three urine drawer ^ 

seals became unbonded. Three spare seals were carried up with the third crew, 
and the failed seal was replaced on Day 188 during activation of the urine sys- 
tem. The third crew also carried up servicing equipment and written procedures 
developed during the third unmanned period to restore operation of the primary 
laboratory coolant loop. On Day 190 the crew successfully tapped the lines to 
refill the system with coolant and restored it to satisfactory operation. Liquid 
crystal thermometers, backed with pressure-sensitive adhesive, were attached to 
each of the six-pack rate gyros on Day 192 to facilitate the monitoring of gyro 
temperatures. A failure in the microwave radiometer, scatterometer, and al- 
timeter experiment antenna control electronics during the second manned period 
resulted in an extravehicular maintenance activity for the third crew on Day 
193. They had to reach the antenna on the -Z exls of the docking adapter without 
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the use of installed translation aids and r^struisit , since the path was not 
along the norrral extravehicular actjviL^ rouce. A portal>le pressure garment 
foot restraint and universal mo»int were mounted at the aritenna location to 
provide a fixed crew restraint. The crewmen installed a jumper box and inhibit 
switch in the antenna circuitry and a lock assembly on the antenna’s pitch 
gimbal. 


A solar observatory console video monitor, which had failed during the 
second manned period, was replaced on Day 196 by a spare unit provided with the 
third crew. Special tools, cables, and procedures had to be developed and sup- 
plied with the spare monitor. The second crew had found that more accurate 
timing was required for spectrograph experiment operation, but an attempt to 
remove the console kickplate in preparation for this activity was unsuccessful. 

An auxiliary slit timer was developed for installation by the third crew, as 
well as a special tool to remove the screws from the kickplate. On Day 196, 
the timer was installed by the third crew and the cable connectors were mated 
without having to remove the kickplate. This was done with a pair of special 
connector pliers which had been developed for the rate gyro installation. A 
replacement motor was installed on Day 197 to restore the nuclear emulsion 
experiment detector package deployment drive, which had failed in the first 
manned period. A repair kit consisting of a rope, a spring, and a hex wrench 
was used to repair the Mark I exerciser on Day 7.05. This replaced the tempo- 
rary repair made by the second crew. A drop in the solar observatory coolant 
loop flowrate was corrected on Day 219 by temporarily installing one of the 
spars liquid-gas separators to filter out possible contamination and gas bubbles 
in the system. The procedure was repeated again on Day 236. A maintenance 
activity was performed during the extravehicular activity on Day 226 to move the 
X-ray spectrographic telescope experiment filter wheel manually to the **clear 
aperture" position. This required working through the open door in the solar 
observatory canister with an inspection mirror, a flashlight, and a long screw- 
driver. 

Experience on the Saturn Workshop has shown that extravehicular maintenance 
is necessary for space missions and should be given the same consideration during 
planning as intravehicular maintenance. Most of the extravehicular maintenance 
performed was accomplished with real-time planning and without the assistance of 
built-in translation aids, restraints, or tools intended for such applications. 
Contingency inflight maintenance also demonstrated that access to equipment, 
attaching hardware, electrical connections, and plumbing is imperative, even in 
areas where maintenance is not anticipated. The crew indicated that the routine 
tasks and procedures were so well planned and documented that many of the main- 
tenance tasks could have been performed efficiently with little or no maintenance 
training. Such training should be limited to complex repair tasks tnat involve 
unusual equipment disassembly techniques or tasks which could present a hazard to 
the crew or could result in damage to spacecraft equipment. 

Handling, alignment, and manipulation of large, heavy items presented no 
problems in zero gravity. Small items, such as bolts, screws, and washers, tended 
to float away and become lost. However, these items usually found their way to 
one of the air inlet screens. 

Spares to support inflight maintenance should take into consideration non- 
critical and redundant hardware as well as single point failures. With the ex- 
ception of the contingency maintenr - e performed, very few of the items replaced 
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were In the premission critical f'ategory. Spares for inflight maintenance should 
also include repair parts as well as replaceable assemblies. 

For inflight maintenance purposes, the crew preferred the quick-release, 
locking screw fasteners and magnetic door latches instead of the twist strap an ! 
hook, ball locking pins* and expandable sleeved pins. Internal wrenching screv; . 
and hex-head bolts were the preferred types of attaching hardware. Slotted head 
type screws were unacceptable because they could not be easily removed. 

TooIl .- The tools and equipment onboard the Saturn Workshop are provided to 
support not only inflight maintenance, but also activation, operation, and deac- 
tivation of systems and experiments. Because of the limited stowage capability, 
the majority of the tools are selected to perform specific tasks. As a result, 
full sets of wrenches, sockets, hex wrenches, and screwdrivers are not provided. 
However, some spare tools are provided where justified by the number of applica- 
tions and the susceptibility of tools to loss or breakage. The complement of 
tools and maintenance equipment is primarily contained in five kits. Most of 
these are located in the workshop stowage lockers. A locker in the docking 
adapter contains tools that may be needed during periods when the workshop is 
inaccessible, such as before workshop activation and during extravehicular ac- 
tivities. A tool box located on the forward side of the docking adapter axial 
hatch contains tools to disassemble the hatch in the event of latching mechanism 
jamming. A repair kit in the workshop contains the materials necessary to 
patch leaks within the habitation area and miscellaneous fastening materials and 
devices, such as tape, Velcro, ana snaps. Additional special purpose kits, 
tools, materials, and equipment are located at various places in Sky lab. These 
include a command module tool kit, tools for experiments, extravehicular mobility 
unit and pressure garment maintenance kits, water system servicing equipment, 
and miscellaneous spare tools and maintenance items. This inventory was sur 
mented during the mission with items necessary to install auxiliary hardwa 
to support contingency inflight maintenance, and to replace lost or broken 

The crew used nearly all the tools provided in the tool kits. During »_ue 
course of the mission, one ratchet handle failed, the diagonal cutters and a hex 
screwdriver bit were broken, and one pinch bar was lost when it was left tethered 
to the solar array wing during an extravehicular activity. It was not replaced, 
since two units were initially provided. The other broken tools were replaced 
with the launch of the next crew. Enough tools were provided to perform all 
planned activation, operational, and maintenance tasks. They also proved ade- 
quate for supporting most of the contingency maintenance tasks. As a result of 
the contingency activities performed, the crew recommended that a number of addi- 
tional tools be provided, including a hacksaw, drill and drill bits, a file, 
larger screwdrivers, and a sharpening stone. The comment was made that the 
tools should include the normal types found in the home workshop and should be 
complete sets. The need for some type of workbench that would include features 
for holding tools and small parts as well as the component being repaired was 
also expressed. 

Only a small number of ^ools were required to perform any one specific task; 
therefore, the crewmen did not remove the tool drawers for transportation to the 
worksite. The tool caddies, which were provided for carrying and restraining 
handtools, were used on several occasions but proved to be inadequate except for 
retaining the tools at che worksite. The Velcro failed to restrain the tools 
during translation and the crewmen carried most of the tools in their pockets. 
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They indicated that a tool caddy made of a transparent material to facili- 
tate the location of the needed tool would be desirable. It should also be 
capable of holding small parts such as screws, nuts, and washers, since con- 
taining and locating these items was a problem in zero gravity. The patch of 
Velcro on the tools were of little value. The crew stated that specific classes 
of tools, such as sockets and drive accessories, open-^nd wrenches, hex wrenches, 
and screwdriver bits, were not located in separate drawers. They also indicated 
that the placement of tools and tool kits at numerous locations throughout the 
laboratory was unr^psirable. A tool ummary or listing was not included and the 
crew was unaware that certain tools were available unless they were specified 
in a procedure. 

None of the tools in the initial inve cry were designed for extravehicular 
use. As a consequence, tape had to be used to enlarge tool handles and attach 
the necessary tethers. An adaptable extras ^hicular activity handle for standard 
tools and tether attach points would have been desirable. 

10.5 solAr observatory fiiuM retrieval 

Extravehicular activities are performed during the ^anned periods of the 
Skylab mission to retrieve and replace film in the solar observatory cameras. 

With one exception, all of the solar observatory experiments collect data on 
photographic film enclosed in magazines that require perio- replacement. The 
hardware discussed in this subsection includes all major equipment required for 
this task. Evaluation of the pressure suit and crew perforrtance is contained 
in references 15, 16, and 17. 

The film retrieval operations are performed from four work stations located 
In the fixed airlock shroud area and on the solar observatory structure. The 
fixed airlock shroud work station 10-49) contains the equipment for stow- 

ng and transferring the film magazines to and from the center and transfer work 
stations on the solar observatory. One crewman remains in the shroud area and 
the other performs the film replacement, moving between the center, transfer, and 
Sun-end work stations to obtain access to the various experiment film receptacles. 
Single handrails and a dual-rail ladder provide a translation path between the 
work stations. Each work station is equipped with com.binatious of single hand- 
rails for ingress, egress, and movement about the station. All equipment along 
the path is fabricated without sharp corners or edges which might damage a crew- 
man’s pressure suit. Twenty-five incandescent light fixtures (18.75 watts each) 
are used to provide illumination levels of approximately 1.0 ft-iamberts along 
translation paths and 5.0 ft-lamberts at the work stations. There are 5 lights 
in the airlock shroud area, 6 on the deployment assembly, and 14 on the solar 
observatory. All airlock shroud and solar observatory lights are encased in a 
wire-grid enclosure to protect the bulb from damage. Those at the deplo 3 mient 
assembly are enclosed in a metal box with a hole provided for directional light- 
ing. Life support umbilical clamps are located at tv;o of the work stations to 
facilitate management of the umbilicals during the extravehicular activity. 

Fixed Airlock S h roud Work Station .- This area^ along with the adjacent lock 
compartment, serves ar, a base camp for one crewman to monitor the other during 
all extravehicular operations, and hrs foot restraints, stowage locations !. r all 
hardware and tools, and film magazine transportati^m devices. 

Two film transfer booms are provided to transport the film magazines to and 
from the center and transfer work stations. The booms are operated irom a con- 
tro] panel at the work station aiid are electrical] y driven, tubular extendible 






I 



10-70 



Figure 10-49.- Film retrieval work stations and support hardware. 


devices with manual backup operation capability. in the event of total opera- 
tional failure, a spare boom unit is provided and a toe-bar restraint for the 
crewman facilitates the changeout. Two film tree pallets are used to transfer 
film magazines from the laboratory to the work station through the hatch. Each 
tree inserts and locks into a receptacle within reach of the foot restraints. 

One of the trees attaches to a ciamp-type hook on the end of the film transfer 
boom and is used to transport t* ^ film magazine containers to the transfer work 
stations as a unit. The other tree secures t.he remaining magazines as a cluster 
for handling within and between the airlock the fixed airlock shroud work 
station. These magazines are attached directly to boom hook and transferreo 
individually to the center work station idiile the tree remains in its receptacle. 

Two "clothesline" film transfer units are available in stowage cr.itainers 
on the sides of the boom housings as a backup to a spare boom and foi normal 
film retrieval on the last extravehicular activity of the mission. These are 
endless lines with hooks for attachment to special brackets located at the fixed 
airlock shroud, center, and Sun-end work stations. The lines are manually de- 
ployed and the film magazines are secured with tether hooks. Two spring-loaded 
clamps adjacent to the hatch are provided for managing the crewman’s life support 
umbilical. After egress from the lock compartment, each crewman inserts his 
umbilical into the clamp with ptedetermined aiuouuts of slack, depending on the 
activity to be performed. In the event of side loads, the spring-loaded jaw 
will release, thus preventing possible damage to the umbilical. A locking stow- 
age hook is provided for temporary restraint of loose equipment. 

The film transfer booms and control panel operated flawlessly during opera- 
tions at the fixed airlock shroud work station, except during the second activity 
by the first crew. After one boom was extended the fir^^t time, the retract switch 
had to be cycled once to make the boom retract. This did not recur, and no other 
problems were experienced with the boom, control panel, or boom hooks. During 
the third extravehicular activity of the second manned period, however, scratch 
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Figure 10-50,- Solar observatory film retrieval p 


taiuers attached, using t!ie film transfer boom tvnU boom hook* The film trees 
worked satisfactorily and no problems were encountered with Clie tree receptacles* 
The fil 3 i trees we“e convenient for transporting several pieces of equipment simul- 
taneously, The clotheslines tended to get tangled and took some time to straighten 
out, and the third crew h.T'i to be careful when entering the l\atch to prevent 
getting ’^heir umbillcals entanp,led In the deployed clothesline. The life sup- 
port tmbllical clamps operated satisfactorily and were easier to use than they 
had been in the neutral buoyancy trainer. All handrails were adequnte for crew 
stability and translation* The foot restraints provided adequate crew restraint 
when used in comb tnn» ion with a handiiold or liandrail, and illumination levels 
were sufficient for all film retrieval activities. 


During some extravehicular activities a data acquisitioi, :amera and univer- 
sal mount were used to phoit'graph selected events at the other work stations* 
Several of the airlock shroud luuidralls were marked with aluminum tape to iden- 
tify camera mounting lc:atlQns* Thi*se were used during operations with both the 
film camera and a video camera. The cameras were difficult to mount, point, and 
operate; special firm mounting brackets should have been provided for this pur- 
pose and located tn minimize accidental contact by a crewman. 
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Solar Observa t ory Center Work Stat ion^- This work station is located to 
provide access to the cameras inside of the experiment canister. The crew 
equipment for film magazine removal and replacement includes a canister rota- 
tion control panel, experiment access doors, film magazines and receptacles, a 
protective scieen, lights, handrails, a foot restraint, and a life support um- 
bilical clamp. Hie rotation control panel provides a means for rotating the 
experiment canister to position each of the camera access doors at the center 
and Sun-end work stations. A hand controller allows two speeds in each rota- 
tion direction and can be operated with the pressure suit gloved hand. A pro- 
tective screen made from perforated sheet aluminum prevents contact between the 
crewman's legs or feet and the solar obser/atory girabal rings or canister launch 
lock arms during canister rotation. The four manually operated doors in the 
side cf the canister for film retrieval are discussed in 4,2*2. The film maga- 
zines for four experiments are installed at the center work station. Each can 
be mounted Into the canister receptacle with one hand and incorporates visual, 
and tactile Indication of position and locking status. Alignment stripes, flags, 
positive detents, and end-of-travel stops are used in various combinations. The 
receptacles include entry guides to provide self-alignment, thus reducing the 
requirement for fine alignment by the crewman and preventing contact with delicate 
portions of the experiment. Lights, handrails, foot restraints, and the umbili- 
al clamp are similar to those at the fixed airlock shroud. A clothesline bracket 
with temporary stowage hook is mounted on a boom to the right of the work sta- 

ticn. The crewman can manually deploy the bracket tc any one of three positions. 

The rotation control panel operated satisfactorily during all film retrieval 
activities. The protective screen kept the crewman away from the moving canister 
equipment with no interference or significant loss of mobility for film retrieval. 

A hinged or removable screen, however, would have been preferable for perform- 
ance of contingency repairs or service on experiment hardware, such as tiie filter 
wheel manual positioning. A.11 film access doors operated as expected with one 
exception (4.2,2). No problems occurred installing the film magazines in the 
experiment receptacles or removing them after the film was used. .sefulness and 
operation of the other work station equipment was adequate for al J film retrieval 
activities. 

So lar Obs er vator y Sun-Enct and Transfer Work Stati ons .- Removal and replace- 
ment of two film magazines is accomplished at the Sun-end of the experiment can- 
ister. Access doors, film magazines and receptacles, temporary stowage containers, 
a clothesline bracket, handrails, lights, and a foot restraint platform are pro- 
vided for this task. Since the Sun-end work station is around the corner from the 
airlock shroud work station and therefore inaccessible to the film tr.ansfer boom, 
the transfer work station bridges this gap and provides a position for removing 
the film magazines from the boom. Except for a standard foot restraint, the trans- 
fer work station contains no separate crew equipment. A crewman at the transfer 
work station removes the loaded film tree from the boom and places che tree in a 
receptacle on the sunshield for access at the Sun-end work station. The work sta- 
tion is also used for deployment of the clothesline and clothesj.ine bracket for 
film retrieval. The two film retrieval access doors (fig. 4-10) can be opened with 
one gloved hand by rotating a handle with a mushroom-shaped pushbutton lock. 
Friction hinges hold the doors open at any desired point. The experiment aper- 
ture doors, which cover the access doors in th^ir closed position, are opened 
from the canister rotation control panel. The film magazines are inserted into 
the canister receptacles with one hand, and each magazine uses flag indicators, 
detents, and slops for position and locking status. Alignment arrows and in- 
sertion guides eliminate fine positioning reqiiiremi.nts for the crew. A box- 
like temporary stowage container, witl> four flexible retainliig flaps, secures 
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the unexposed film magazines while the exposed magazines are reinoved from 
the canister receptacles and placed in the magazine containers. The film 
magazines are mounted in the containers for protection from thermal effects 
and contamination. The containers are secured to the film ^ee, which attaches 
to the film transfer boom hook (fig. 10-50). The film tree is temporarily 
stowed in a receptacle identical to the one at the fixed airlock shroud work 
station. The clothesline attach bracket is a two-part folding boom mounted 
on the sunshield. The boom Is unlocked by releasing a ball-lock pin and swung 
into position where latches hold it in place. Lights^ handrails, and foot re- 
straints are similar to those at the fixed airlock shroud work station. 

One experiment door was difficult to open during the second manned period, 
and the crewman had to put both knees on the canister surface and pull the 
handle with both arms to open it. The film magazines, receptacles, and con- 
tainers all performed satisfactorily, and lighting and restraint provisions 
were adequate. The clothesline boom was used to support the clothesline during 
the last extravehicular activity. The only problem noted was difficulty in 
releasing the ball-lock pin during depioyinent. 


\ 





I 


11-1 


SiCTION 11 
CONTAMINATION 


The effects of the external Skylab-induced atmosphere on the Saturn Work- 
shop optics and coatings, as well as the effect of the internal atmosphere on 
i^iptics, are described in this section. This mission was the first long-duration 
exposure of a manned spacecraft to space environment, and thus provided new 
'-.ontamination information. 

The ambient atmosphere had little effect compared to that induced by the 
pacecraft itself. Heavy emphasis was placed on premission design and opera- 
‘ lonal planning to minimize the level of spacecraft-induced contamination. 
Several contamination measurement instruments and experiments were flown for 
objective evaluation of the atmosphere and contaminant deposition, and math 
models also mre used to provide contamination predictions. The math model pre- 
dictions were upda.ied and validated throughout the mission as specific data be- 
came available from measurements and crew observations. 

Section 12 describes the contamination experiments and other referenced 
experiments, and information pertaining to control of internal contamination 
izea> be found in 10.1.7. Detailed contaminati.n results are contained in refer- 
ence 12. 


11.1 INDUCED ATMOSPHERE 

The atmosphere surrounding Sl^lab is composed of the Earth atmosphere at 
that orbital altitude and the molecular material and particles emitted by the 
vehicle. The ambient atmosphere at an altitude of 435 kilometers consists pri- 
mr.rily of atomic and molecular oxygen and molecular nitrogen, with an average 
density of 4 x 10”^^ g/c3, tdiich has a negligible effect on Saturn Workshop 
operations. The major sofirces of the artificial or Induced atmosphere are out- 
gassing of nonmetal.^lc materials, venting of liquids and gases, leakage of cabin 
atuosahere, mot‘'r exhaust products, and matter emitted from pressure suits or 
scuff id loose .'uring crew extravehicular activities. These materials consist 
mostly of >-.igh-molecular-welght outgassing products and low-molecular-weight 
gases s**~h as hydrogen, nitrogen, oxygen, carbon dioxide, and water vapor. The 
atmosphere may also include particles in the form of ice crystals that result 
from liquid dumps or from nucleatlou of water vapor or other vented gases, and 
locoa material sloughed from Sky lab surfaces. 

Ttte amount of contamination entering the atmosphere because of outgassing 
is determined by the area exposed to the vacuum, the surface temperature, and 
the type of material exposed. The total Sky lab nonmetalllc area exposed to the 
vacuum of space is approximately 250,000 ft^. The average steady state outgas- 
sinr Tf'e predicted for Sky lab was 200 g/day, assuming an average rate of 
lO'^^i g/cm^-sec. There are approximately 200 different nonmetalllc, vacuum- 
e: posed materials with surface areas larger than 1 ft^ on Skylab. The major non- 
metalllc materials having high outgassing rates are the various paints and coatings 
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covering external sur taces and the bonding adhesives ot silicone rubber and 
epoxy polyamide. Tc derive specific outgassing rates, preflight material out- 
gassing tests were run under vacuum conditions with the temperature of the test 
material at 100 to 125”C. The outgassing rate for a given material in a vacuum 
is based primarily on the material's temperature and age. Since the tempera- 
ture varies with orbital positions, the actual outgassing rate is continuously 
varying. The outgassing rate is also affected bv the material's thickiiess and 
prelaunch treatment such as a vacuum bake-out. 

Tlie venting of liquids and gases is also a .Mior source of contamination 
during Skylab orbital operations. Figure 11-1 shows Che vent locations. Table 
ll-I gives the frequency of operation and effluent constituents for each vent. 

As noted in the table, certain of the command and service moduli^ vents are only 
for unscheduled operations while the command module is docked. The primary 
vent systems are the workshop waste tank, the condensate system* and the molec- 
ular sieve. 

The waste tank is a large holding tank into wliich waste fluids and solids 
are deposited throughout che mission. The interior of the tank has a network 
of fine mesh screens which trap particles above 2 microns in size (9 microns 
absolute), thus reducing migration of particulate matter to space. Gases and 
vapors resulting from discharges into the waste tank are continuously vented to 
space in a radial direction through two diametrically opposed 1. 5-inch-diaraeter 
nonpropul sive vents. 

Water vapor is extracted from cabin atmosphere by conden.- uig heat exchang- 
ers and is stored in a condensate holding tank inside the Satui \ Workshop. 
Normally, this liquid is dumped periodically into the waste tank, but during 
unscheduled operations it can be vented directly overboard in a radial direction 
through a double-tapered 0.05-inch orificed nozzle ac a driving pressure of ap- 
proximately 5 psla. The molecular sieves remove carbon dioxide and residual 
water vapor from the cabin atmosphere and vent them overboard in 15-minute 
cycles during manned operations. The external vent is a T-shaped 3-lnch- 
diameter vent pipe wliich emits effluents parallel to the Y axis. 

The leakage of cabin atmosphere is a relatively minor source of contami- 
nants. The maximum specified leakage is 14.7 Ib/day at normal pressure; however, 
only 3 Ib/day was lost during the mission. The gas leakage from Skylab is 




Figure 11-1.- Vent, thruster, and raicrobalance locations. 
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Table li-i.- Skylab Vent Characteristics 


Module end vent 

Fre^uercy of operation 

Consti tucnts 

Co«Mnd end scryicf MOdute 

UMt* 

Untie vetic* 

Ay«Ui«ry urine vent* 
u«(te Mtcr lent* 

Air vent 

H/drogen end oxygen purge vent 
Fuel v.eU hydrogen cryogenic duxip 
Fue! cell oxygen erogenic dump 
Fuel ccU hydrogen cryogenic relief 
Fuel cell ajiygeti cryo^nic relief 
*Not u>^ k^ile docked 

Jteduled 

Unscheduled 

Unscheduled 

I'nscheovled 

Continucus 

Penodlc-*rir>t 13 days 

Unscheduled 

Unscheduled 

Unscheduled 

Unscheduled 

.iater vapor 

Fecal bag gas, o»ygen, frozen urine* urine vapor 

►'•cal bag gas. oxygen, froze*, uilne, urine vapor 

'ce. k>atei vap'^r, hydrogen potassium hjdrvulde 

Silicone rubber a>id sealants* sIlKa tiber 

(l^drogen , cxygcn nltrcgen, potusslun hydroxide, <(atei 

Liquid hjd*-ogen 

Liquid nx,gen 

Hjdrcgen 

Oxygen 

OockiM Adapter 
experiment v«nt 

Qnce-'during launch 
Fach e.pcripnenl tyi'e 

Nitrogen 

Scattered metals, metal vav^oi^k, partiw.es. <«<*theraiic gases 

Initryeent unit 
Subl iiietoi' vent 

1 

On^'t'-start of mi:>sior 

Uatei vapor 

Airlock 1 

ICTecuier sieve vent (2) 

Primary and secondary condensate vent 
Lxtravehkular activity depressurl/at'on tent 
h*trogen vent 

j Ferward and aft overpressure vert 

Airlock overpressure vent 

Continuous 

Unscheduleo 

Once>-each hatco opc.urg 
Ufischedulei 

L‘nsched.l4d i 

UnscheduUd { 

Carticn aioxide. xutcr, h«te< .apui 
Particles, «.uter wape*- ue particles 
dvygen, nitrogen 
Nitrogei. 

O-ygen, nHry,^* 

Oxyg(-n, ii»»rugei> 

Morkshop 

’Tft'sTe tank nonpropulsive vent \2) 

Habitation area nonpropulskr >*eflt i 

uperlncnt N092 and M171 <enc | 

Scientific airlocki U) 

ExperlMent Ml 71 vent ! 

PenodK--durii.g avi'ined pei lads 
PerlodK-'during jnsanned periods ' 
Each experiment cycle 
Each airlock cycle 
Eacn experiment cycle 

Oxjgeo, nitrogen, «Mter, vuter vapor, urine, biocide 
Oxygen, n'trogen 
Oxygen, nitrogen 
Oxygen, nltroge** 

Oxygen, nitrogen 


composed of approximately 63 percent oxygen, 27 percent nitrogen, 7 percent 
carbon dioxide, .and 3 percent water vapor by weight. Although the majority of 
the contaminants from Skylab venting and cabin leakage sources are light gases 
which normally do not condense on critical surfaces at exterior surface tempera- 
tures, they do contribute to the overall induced atmosphere. 

Three propulsion subsystems that occasionally operate in tiie vicinity of 
the Skylab cluster emit potentially contaminating motor exhaust. These subsys- 
tems are the S-II stage retroiockets; the service module reaction control system, 
which operates during command and service modul3 maneuvers; and the Saturn Work- 
shop thruster attitude control system, which operates intermittently during the 
mission. 

The four retrorocket engines used to separate the launch vehicle S-if stage 
from the Saturn Workshop are located on the forward end of the S-II stage. Dur- 
ing the 1,9-second firing time for separation, each engine expels 188 pounds of 
exhaust material. Since this event occurs approximately 5.5 minutes before jetti- 
soning the shroud, the impingement on critical surfaces is minimal and is not 
considered a problem. 

The service module has four clusters of attitude coutrL>l engines, each of 
which contains four engines. Figure H-1 shows the engine orientation relative 
to the Saturn Workshop coordinate axes. The engines are used to control orien- 
tation of the craft during flyaround inspections, trim maneuvers to adjust the 
orbit, rendezvous, and docking and undocking maneuvers, and for contingency atti-- 
tude control of the Saturn Workshop. The primary engine exhaust products are 
shown in table ll-II, 

The Saturn Workshop thruster attitude control subsystem is a cold nitrogen 
gas system which has one set of three thruster nozzles located on the +Z axis 
and another set on the -Z axis at the aft end of the workshop. Each set con- 
tains one thruster directed parallel to the Z axis and one each directed along 
the +Y and -Y axes. This subsystem is used as needed to augment the control 
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Table 11-11.- Service Module Reaction Control System 
Engine Products 


Product 

weight percent 

Product 

Weight percent 

i(2 

41.98 

H2 

0.65 

H20 

30. G5 

0 

0.63 

C02 

9.83 

H 

0,1072 

OH 

3.47 

HCO 

0.0013 


2.57 

NK 

0.0007 

m 

1.39 

N 

0.0006 

Trace metals, unburned 

Approx ifriately 



fuel, and oxIdUer 

9.32 




moment gyros during orientation maneuvers and during stabilization activities « 

The thrusters produce a visible plume of condensed and frozen nitrogen parti- 
cles. However » the clearing times of the plumes are quite short, as they dissi- 
pate approximately 30 seconds after thruster shutdown. Moreover, the thrusters 
are seldom used during data acquisition. 

The crewmen perform tasks outside of the Saturn Workshop to tend experiments 
and make repairs. While outside, the crewman's pressure suit ^.an become a local 
source of contamination by venting particles of water and molecular matter such 
as oxygen and carbon dioxide. These contaminants are emitted from ports on the 
front of the pressure control unit, which is worn on the crewman's chest. The 
normal direction of the » xhaust flow is directly toward vehicle surfaces. Im- 
pingement of the contaminants on surfaces is prevented by a deflector cover worn 
over the pressure control unit to change the direction of this flow while the 
crewman is working near susceptible surfaces. This is shown in figure 11-2. 

In addition to the recognized sources of contaminants, random particles are 
added to the induced atmosphere from unpredictable events. These include blis- 
tering and flaking of painted surfaces, loosening of launch debris, expulsion of 
residual solid debris from thrusters, and other debris working their way loose 
from the Saturn Workshop. The loss of the meteoroid shield also exposed workshop 
surfaces to degradation from direct sunlight which had not been planned for, and 
caused flakes of paint and insulation to enter the atmosphere. 

The induced atmosphere, therefore, consists of particles and molecules con- 
tinuously being emitted from Skylab which form a contaminant cloud about the 
vehicle. The particles are slowly swept away by atmospheric drag deceleration, 
while the molecules are removed by intermolecular collisions with the ambient 
atmosphere. The generally constant introduction and concurrent removal of this 
matter produce a steady-state, induced environment surrounding Skylab. 

The continually movi.ng contaminants of the induced atmosphere are capable 
of producing light scattering and absorption problems for optical systems. As 
the light from an object of investigation passes through the induced molecular 
Of particulate cloud, a portion of the signal is scattered and a portion is ab- 
sorbed, resulting in signal attenuation. 

The effects of light scattering on optical experiments are determined by 
relating the background brightness of the contaminant cloud to the light source. 
For any particle size distribution, wavelength of scattered light, scattering 











angle, and index of refraction in the induced atmosphere, a ratio of the back- 
ground brightness to the source brightness (B/Bq) can be calculated. Where th-^ 
Sun is the source, this ratio is designated B/B 0 , Premission scattered bright- 
ness ratio predictions for the contaiuinant environment produced by outgassing, 
leakage, and the molecular sieve and waste tank vents ranged between 10“17 and 
10“^^ B/B®, The lowest threshold sensitivity level for any Sky lab experiment 
was B/B 0 , However, these predictions did not consider random sources and 

unscheduled venting of liquids, which, for a short period of time, could produce 
brightness levels exceeding expeiiment sensitivities. 

The induced atmosphere also provides a source of contaminants which may 
deposit upon cri'rical experiment or operational surfaces in the form of thin 
films or particulate matter. Such deposits on optical experiment surfaces cause 
signal attenuation by scattering or absorption, and alter the properties of the 
null control surfaces. 


Figure 11-2.- Pressure suit exhaust deflector. 


The only materials that would be expected to accumulate on Saturn Work- 
shop surfaces are the low- vapor-pressure, high-molecular-weight emission 
products. The relative temperatures of these contaminants and the surfaces 
determine the extent of deposition in a given area, as contaminants adhere 
more readily to surfaces having temp^Bratures lower than the condensation tem- 
peratures of the contaminants. 
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11 . 2 OPERATIONAL CONSTRAINTS 

Operational constraints imposed on venting and experiments help to mini- 
mize the effects of contamination on experiment data. These constraints either 
restrict venting during crucial experiment periods or avoid the collection of 
data during necessary venting periods. Table ll-III lists the operational 
venting and experiment constraints for all Skylab vents which would affect 
contamination-sensitive experiments and systems. The constraints were revised 
during the mission to provide for Comet Kohoutek observations and changes to 
existing experiments. Table 11- IV lists the effect of vents with constrained 
venting and i^rtiether the venting is scheduled or unscheduled. The Skylab vents 
listed in table 11-V are not under operational constraints because their opera- 
tion is not directly controllable. 

Table ll-III.- Operational Venting and Experiment Constraints 


Vents 

Star 

Tracker 

Expenmer.ts | 

S0S2. $054* $055A, 
$036. S082A* $0828. 
Hydrogen alpha 1 and 2 

$020. 

S232 

$183, 

$019. 

ED23* 

£026 

$063 

T027- 

$073 

50/3 

$149 

(In 

Scientific. 

airlock) 

T025 

$201 

$19UA, 

$1906 

$191, 

$192, 

$193* 

$194, 

SC33 

C«bin atmosphere 

1 


■■ 

2 




e 

1 

2 

1 

1 

Extravehicular activities 
iincludes lock depress valve 
and suit overboard vent) 
(rule waived for bU9, T025, 
S020, or $201 if deployed on 
extravehicular activity) 

1 

■■ 

1 

1 

1 

1 

1 

I 

1 

10 

1 

1 

Service module reaction 
control system 

1 

) 

1 

m 

g 

1 

B 

B 

1 

S 

1 

1 

Water dump (unbagged) Into 
«aste tank 




B 

■ 



— 

9 





Condensate system (contingency) 
(begin after orbital midnight; | 
complete before sunrise cross- 
ing or else double constraint 
times. If not In solar 
inertial attitude, vent In 
direction of negative velocity 
vector) 

1 

1 

1 

1 

5 


1 

fl 

1 

2 

1 

_j 

1 

Coonand and service module 
(includes steam duct, urine 
dump, waste water dump* and 
fuel cell purges) 

1 

1 

1 

■ 

5 


1 


1 

2 

1 

= 

Docking adapter 
experiments 

H479 

1 

1 

1 

2 

5 


5 

9 

1 

1 

1 

1 

N55U MSSit, 
H5S3 



■ 


B 



Bi 



1 

> 

Workshop 

experiments 

N092 



Bi 

BB 

B 


■ ■ 

J 



3 


t ■ ■ 

Ml 71 




BB. 



1 

EB 


10 


Condensate holding unk 
(gas side) 

i 

! 


4 

4 

/ 

4 

9 


1 ^ 

4 



legend: 

1. Cofiyilete venting minutes before eKperlwnt eaposure. 

2. CoRplete venting 30 minutes before experiment exposure. 

3. Complete overboard venti..g lb minutes before experiment exposure tilth articulated mirror >te« Mo constraint for venting into waste tank 

4. Complete venting 15 minutes before Installation of experiment In -2 scientific airlock 

5 Compl ete venting IS minutes before experiment exposure without articulated mirror system or 30 minutes with mirror. 

6. Coa|)lete venting 1$ minutes before experiment exposure with articulited mirror system. 

7. Coaplete venting 15 minute;, before Installation of experinont. If Installed* extend seven rods and place trunnion to zero. 

8. Close cassette covers during and for 15 m1nut->s after completion of cabin atmosphere venting* or 12 hours after workshop final blowdown. 

9. Close cassette covers during and for Iw minutes after completion of venting. 

10. Coaspletc venting 30 minutes before experiment exposure with articulated mirror system. Mo constraint for extravehicular cxposu.e. 


The effectiveness and necessity of the operational constraints were demon- 
strated through the mission. There were five Instances where constraints were 
violated. During the first manned period a prolonged venting of the wardroom 
water purge into the waste tank occurred in which the triple point pressure may 
have been momentarily exceeded, a habitation area vent malfunction checkout 
produced particles observed by the S052 video display, and the service module 
reaction control engines fired v’hile the T027-S073 photometei was deployed 
through the scientific airlock. During the second manned period there was a 
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\ Table 11-IV.- Effects of Vents Having Operational Constraints 


Vent 

Scheduled (S) or 
Unscheduled (U) 

Effect 

Service module reaction 
control system 

s 

Brief (fraction of second) Increase In particulate 
column density; large flux of condensable materials. 

Conmand service module 
vents 

u 

Liquid vents produce large column densities of par- 
ticles. thus producing high background light scatter 
(particles clear within 15 minutes). 

Docking adapter 
expert r.ient vent 

s 

Debris from experiment vent can cause Increased back- 
ground light or cause false stars. Slight Increase 
in molecular colurrn densities (clearing In less than 
15 minutes). 

Airlc.k condensate 
system vent (contingency) 

u 

Particles from liquid vent can Increase background 
brightness (clearing within 15 minutes). 

Lock depress valve extra- 
vehicular activity 

s 

Increases molecular environment of docking adapter 
and solar observatory. No experiments operating 
auring venting. 

Water dump (imbagged) 
Into waste tank 

s 

Increased molecular flow from waste tank increases 
column densities for scientific airlock lines-of- 
sight by a factor of 2 for approximately 1 hour. 

Workshop experiment 
vacuum vent 

s 

Gases vented Increase the molecular column densities. 

Condensate holding tank 
(gas side) vented through 
-Z airlock 

s 

Increase molecular column densities along -Z 
scientific airlock lines -of -sight. 

Habitation solenoid 
vent va’ve 

s 

Generally increases the molecula'^ density around the 
spacecraft. 


Table 11-V.- Vents Having No Operational Constraints 


Vent 

Operation description 

Comnand and service module 
Vint 

No controls. Continuously open to vent the space between the comuand module meteoroid 
shield and pressure hull. 

Instnawnt unit 

SubTfmator vent 

Uncontrolled venting (high initial flow rate of 4 Ib/hr for initial 7.5 hours of first 
manned pcriud) followed by continuous water v.por venting at a rate of about 0.1 Ib/hr 
until water is e/hausted (1000 hours). 

Airlock 

Molecular sieve 

Nitrogen vent 
Aft overpressure vent 
Forward overpressure vert 
Airlock overpressure v^nt 

The mol ecu la- sieve vents arc alternately operated continuous vents. Each 15-min vent 
cycle causes a temporary increase (approximately 2 min) in external pressure in the 
vicinity of the vents. 

Automatic regulator overpressure vent 

Automatic overpressure vent valve (cracking pressure approximately 6 psid). 

MutoiMtic overpressure vent valve (cracking pressure approximately 6 psid). 

Automau'c overpressure vent valve (cracking pressure approximately 5 psid). 

Workshop 

Waste tank nonpropul sive vents 
Initial blowdown 

Trash airlock 

Fecal processor 

Refrigeration pump 
container 

Scientific airlock vents 
(blowdown) 

Pnetmatic bottle vent 

Vent vaWes actuate to initially depressurize the waste tank and remain latched in the 
open position. 

Each operation vents a small amount of cabin atmosphere into the waste tank with negligible 
1 effect on the nonpropulsive vent flowrate. Solids are contained by a cylindrical screen. 

Fecal processor operation exhausts gases Into the waste tank with negligible effect on the 
nonpropul sive vent flowrate. 

Removes any refrigerant leakage from the pump with negligible effect on the nonpropulsive 
vent flowrate. 

Scientific airlock vents evacuate each experiment and the space between th' experiment and 
the airlock before cover epening. Effluents are negligible except in the inmediate vicini.^' 
however^ the venting ends before experiment deployment. 

Bleed down vent to empty pneumatic valve actuation supply bottle at the beginning of tie 
first unmanned period. 


? 

I contingency condensate vent during a solar observatory data collection period 

and a condensate holding tank gas-side vent while the S019 experiment was in 
the scientific airlock. Observed effects of these constraint violations are 
discussed in 11.4. Except for the S019 incident, there was no apparent com- 
promise of the system or experiments involved. 


* . T 
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11.3 MEASUREMENT AND EVALUATION 

Before the launching of the Saturn Workshop, three computer math models had 
been developed to crilculate Skylab surface deposition and background brightness 
levels. The three models were the deposition math model, the cloud math model, 
and the workshop waste tank math model. These programs represented the most 
current understanding of the phenomena of contamination. They were used for 
premission contamination assessment and control and for mission support. The 
validation of the models vith flight data provided contamination information 
for postmission evaluation activities. 

Saturn Workshop contamination detection instruments and returned photo- 
graphic and experiment data were used to update the math models during the mis- 
sion. This was done so that timely and meaningful contamination predictions, 
assessments, and evaluations could be made when specific experiments were ex- 
posed to the external environment. 

The instruments that assist in determining the extent and effects of the 
induced atmosphere include the quartz crystal microbalances, which measure dep- 
osition; the T027-S073 photometer and the T025 coronagraph, which measure light 
scattering effects; and the T027 sample array, which samples and measures dep- 
osition. All of these instruments except the microbalances had been planned for 
use with the +Z scientific airlock, but this airlock was not available during the 
mission because of the thermal shield installation. A limited amount of data on 
deposition and the light scattering and absorption properties of the induced 
atmosphere was gathered by exposing the T027 sample array and the T027-S073 
photometer to space through the -Z scientific airlock. Additional experiments, 
such as D024, S149, and S230, provided correlative aata on the contaminant atmos- 
phere. 

Deposition of contaminants in selected areas of the Saturn Workshop is 
measured by quartz crystal microbalance assemblies. Each microbalance consists 
of two crystals mounted back to back. The two crystals have carefully matched 
thermal response characteristics to minimize the effects of temperature upon data. 
The forward crystal is exposed to the atmosphere and responds to any addition of 
mass deposited on it by a decrease in resonant frequency. The rear crystal is 
protected against deposition and serves as a reference crystal. The frequencies 
of the two crystals are compared, and the resulting beat frequency, which yields 
the measure of deposition for each area, is telemetered to the ground. 

Two microbalances are mounted on the solar observatory sunshield (fig. 11-1) 
and view along the +Z axis. The crystals are slightly recessed and have a field 
of view of 4.14 steradians. There is no part of the Saturn Workshop in the direct 
field of view of these units; their primary function is to monitor the return flux 
of contamination molecules that could enter the solar observatory aperture doors. 
They monitor the effects of docking and other orbital operations on the solar 
experiments. Since the microbalances were first turned on 32 minutes after launch, 
the initial outgassing could not be seen. Consequently, the last readings before 
liftoff were taken as the reference. When the units first received powe^, they 
both indicated deposition of 0.24 pg/cm^ above the reference value. This could 
have been due to thermal shifts, to the reference crystals* cleaning up, or to 
some contamination during launch. During exposure to the Sun through Dav 22, 
these units showed a gradual loss of mass. Throughout the remainder of the 
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mis&;lon they did not show any indication of deposits. This was anticipated 
since these microbalances have no contaminant sources in their field of view 
and their temperatures were such that many contaminants would not deposit* 

Four raicrobalances are mounted on a truss below the docking adapter 
(fig. 11-1) in the vicinity of the Earth observation experiments. These units 
have a field of view of 1.59 steradians. Two of these units view along the -Z 
direction. A third unit views along the 4*X axis toward the command and "*^rvice 
module. The fourth unit views along the -X axis toward the workshop forwaid 
dome. The primary purpose of these units is to monitor the environment around 
the Barth observation experiments and to sense the contamination associated with 
docking, molecular sieve operation, and other Skylab functions. 

One of the two microbalances viewing along the -Z axis operated at the am- 
bient temperature of the truss assembly, -23 to 0®C. The other unit was insu- 
lated to retain some of its internal heat in an attemp. to elevate its tempera- 
ture to near that of the S190A window, which is maintained at 10®C. As in the 
case of the solar observatory microbalances, these units were not expected to 
measure any appreciable deposition, since there were no Skylab surfaces in their 
^ field of view. 

Both of the microbalances viewing in the -Z direction registered deposition 
or the order of 10 to 24 pg/cm^ accumulated through the mission. There is a pos- 
sibility that the deposition could be attributed to reflection of outgassed ma- 
terial interacting with the ambient atmosphere. However, it is currently sus- 
pected to have come from a wire bundle and connector inadvertently left in the 
units’ field of view. 

Early in the first manned period the +X and -X viewing microbalances detec- 
ted a sharp increase in deposition rates. This was because of multiple command 
and service module reaction control system firings during attempts to free the 
jammed solar array and to dock. No measurable amounts were recorded on the +Z 
or -Z viewing microbalances. The more volatile exhaust products had evaporated 
from the microbalances by Day 17, reducing the accumulation buildup to a more 
normal rate. 

Again, at the beginning of the second manned period on Day 76, the +X and -X 
microbalances indicated noticeable increases in deposition rates. By Day 92, the 
deposition rates had reduced to levels comparable to those recorded before the 
second crew’s docking. The sudden increase in deposition rates between Days 76 
r.nd 92 was attributed to the leaking oxidizer from the command and service module 
reaction control system. 

On Day 104, the +X viewing microbalance fine voltage system electronics 
failed with an accumulated mass of about 36 rg/cm^. The coarse voltage range 
continued to provide measurements, but at reduced resolution. The micro- 
balance deposition readings became unstable around Day 148, at about 42 yg/cm^. 
The instability is characteristic because as the deposited matter becoii=^3 too 
thick to maintain a tight bond to the crystal surface, the microbalance system 
tends to dampen out or fall off to saturation of its measurement range. The 
-X viewing mlcrobalance reached its unstable condition at about 44 yg/cm2, on 
Day 134. Finally » by Day 182, both units reached electronic saturation at the 
^ upper limits of the measurements' dynamic range* The accumulated mass deposi- 

tion measured by the +X and -X viewing microbalances through the mission was 
on the order of 45 yg/cm^. 





T 


11-10 


The deposition experienced by the microbalances viewing along the X axis 
is believed to result from Skylab surface outgast^ing and the reaction controJ 
system firings. Analysis of returned experiment sui races exposed to the ex-' 
ternal environment shows that the deposited material is primarily siliceous in 
nature. This material is most probably from outgassing of the silicon binder 
used in the white thermal control paints; however, investigations are continu- 
ing, Preflight predictions, ba^ed on data from unmanned satellites, assumed ^ 
value of 1000 hours for cutgas ig uu reach a fraction of 1 /e or 36.7 percent. 
Microbalance data indicate that it took the outgassing on Skylab 4100 hours to 
reach tha^ fraction, which reflects the long term nature of outgassing of ma- 
terials. 

The deposition rate measured by the X viewing microbalances and the lack 
rf deposition rate measurement on the +Z viewing microbalances, which cannot 
"see** any Saturn Workshop surfaces, substantiates one of the basic assumptions 
of the Skylab deposition math model. This ast imption is that there must be a 
line-of-sight between a contamination source and a receiving surface for a 
significant mass to be transfeircd to the receiving surface. 

The deposition math model predictions made during thr mission, with correc- 
tions for the first and second manned period docking and adjustments for con- 
figuration changes and thermal profile updates, correlated very closely with 
the flight data provided by the +X and -X viewing microbalances until loss of 
these data. The flight data from the X viewing units became erratic near Day 
117. After that time, only model predictions were ^sed to indicate deposition 
levels in the X axis. Figure 11-3 presents the actual accumulated deposition of 
the +X viewing microbalance and predicted data from the deposition math model. 

The -X viewing microbalance predictions and accumulated depo^ 3 ition are very 
similar; figure 11 - 4 shows the accumulated mass recorded by all six microbal- 
ances. The math model was also used to predict deposition on other critical 
Saturn Workshop surfaces. These predictions ait presented in il.4. 

The light scattering and background brightness levels of the induced atmos- 
phere cloud were first measured when the T027-S073 photometer was deployed into 
space from Day 29 to Day 35. Analyses of preliminary data from these meatjare- 
ments show that there was an induced atmosphere aroc d Skylab greater than that 
calculated with the cloud model before the mission. Preflighc light scattering 
level predictions indicated that the ratio of the brightness of rhe contamina- 
tion background to the brightness of the Sun (B/B(^) would be on the orcer of 
1 X 10~17, How'^ver, the photometer measurements indicated a scattered brightness 
ratio of 10-14 B/Bs at a 90-degree Sun angle. Because light scattering is ex- 
tremely dependent on particle size, this difference cannot be resolved until 
further reduction of photometer data determines the particle size and JisLrib. 
tion. 


The second T027-S073 photometer measurements were made on Day 82. This was 
during the period in which the +X and -X viewing microbalances measured a higher 
than anticipateo deposition rate. The photometer readings indicated a scattered 
brightness ratio of approximately 2 x 10^12 B/Bq. These brightness level 
readings are considerably below the limits of the Satui a Workshop experiments 
except for the S073 experiment, which measures gegenschetn at a ratio of 10 **^ 3. 
It was concluded that the higher brightness levels of the contaminant cJoud 
coul^l be attributed to the addition of the reaction control system oxidizer to 
the iiuluced atmosphere, and that the static induced atmosphere scattered bright- 
ness ratio is probably 10 "" 1 ^ B/B 0 with small transients dependent upon opera- 
tional activities. 


r 
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Light scattering effects of particles 
were observed by the solar observatory ex- 
periments. Particles were observed in the 
field of view of the white light corona- 
graph (S052) video display and were also 
tracked by the star tracker. These ranged 
from individual particles on Day 17, 
through particulate streams on Day 24, to 
"snowstorms*' on Day 33. 
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Figure 11-3.- Correlation of model 
prediction'^ with viewing micro- 
balance cats. 


The V :^ticles observed during the 
first manned period were estimated to hr 
from 20 to 140 meters from Skylab when ob- 
served. This was deter*' ^'ned from the de- 
gree to which the par*^' es appeared to be 
out of focus. ITieir . rent visual mag- 
nitudes ranged from +l.d to brighter than 
-5.4 because of the forward scattered 
ligiit from the Sun. These correspond to 
star magnitudes ranging from +6 to brighter 
than +1. Given the distance and apparent 
brightness, the particle size was calculated from simple diffraction theory. 

Their sizes ranged from about 10 microns to several hundred microns. The parti- 
cles all crossed the S052 television camera from the direction of the workshop, 
traveling toward Che command and service module. However, their tracks did nor 
appear tc converge to a common location. The particles passed through the camera’s 
field of view at angular rates ranging from 0.2 to ''J deg/sec, w’hich correspond 
to velocities of 0.5 to 6 m/sec perpendicular Co the camera's axis. /Issuming 
the particles originated ‘rom the Skylab, the resultant velocity must have been 
greater than 1.1 n/sec. On Day 21, these particles were described as contamina- 
tion hal^s crossing the field of view. There vjere times v?hen the observation 
of s*v ch particles appeared to be tied to ev^ents. On Day 20, it was reported 
that a stream of particles was seen as the molecular sieve cycled. On Day 29, 
an enormous qnantitv of particles was observed as the habitation area solenoid 
vent valve was opened, venting cabin atmosphere. On Day 33, a storm of p-'.r- 
tides was reported, w!iich Uiay have been 
associatt;d litn the venting of the coin- 
mand and service module hydrogen tank. 

Additional infoi’matlon relating to these 
observations by the S052 experiment 
presented in 11.4.1. 


Visual observation revealed one 
unexpected, though not serious, source 
of ligl't scattering particles: con- 

densed nitrogen from thruster attitude 
control system firings. Wliile docking 
the first command and service module, 
the crew saw a thruster plume, gray or 
cold blue in color, each time the work- 
shop attitude control tiuusters fired. 
It is estimated that the plume must 
have to be easily 



Figure 11-4.- Quartz crystal 
microbaJnncG mass accumulation 
record. 
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visible, A computer analysis performed on the thrusters indicated that as much 
as 40 percent of the exhaust products could have condensed, and particle sizes 
up to 0.16 micron diameter could have resulted from homogeneous nucleation dur- 
ing expansion in the nozzle. A particle this size can produce scattered light 
which is visible with proper background contrast. The blue color indicated 
that the condensed particles were in the submicron range. Since this control 
system was never used during solar observatory or Earth observation experiments, 
it did not affect data from these experiments. Other experiment data taken 
along the affected line-of-sight were not degraded during these firings, since 
the plumes cleared in less than a minute. 

Evaluation of data from the T027-S073 photometer, the star tracker, crew 
observations, and the S052 video display has resulted in certain preliminary 
conclusions. It is presently believed that the particles around Skylab ranged 
in size from 0.1 to 200 microns in diameter. The majority of particles were 
around 15 microns in diameter, and the fluxes of random particles were on the 
order of 1.3 particles per second per steradian. The induced atmosphere consists 
primarily of particulate matter over which no operati jnal constraints can be 
exercised. Such an atmosphere will probably exist, to some degree, with any 
spacecraft. 


11.4 CONTAMINANT EFFECTS 

The single most significant effect of contamination is the degradation of 
results of experiments that are dependent on optics. To a lesser extent, con- 
tamination may degrade the data from high energy particle collection experiments 
and contribute to the degraded performance of systems which are affected by ex- 
ternal induced pressures. Contaminant deposits on optical experiment surfaces 
cause light attenuation by absorption or scattering or both. Noise can be in- 
troduced into optical experiment data by fluorescence, scattering, or wave front 
distortions. In the case of collection experiments, deposition of contaminants 
complicates the analysis of the collection surfaces. Additionally, the induced 
atmosphere may raise pressures in high voltage electrical components, leading 
to power losses or corona. 

There are a number of optical devices and windows on Skylab which are sus- 
ceptible to the contamination effects of the induced atmosphere. The optics in 
the solar observatory and the Earth observation sensors are susceptible to both 
the light scattering effects of the atmosphere and deposition of its constitu- 
ents. The astrophysics and engineering and technology experiments are also 
prone to this contamination when they are extended from the workshop through the 
scientific airlock. The Saturn Workshop windows are susceptible to deposited 
contaminants, resulting in attenuation of radiation by absorption. The star 
tracker optics, located on the exterior of the solar observatory, are affected 
by the light absorption and scattering of particles in the atmosphere. The 
thermal control surfaces and solar arrays can be affected by the deposition of 
contaminants, which would reduce thermal control and power generation efficiencies. 

In ge...sral, light scattering from the induced atmosphere cloud had little 
or no effect upon the viewing of sensitive optical experiments. When high particle 
fluxes were noted, the degradation of data was momentary. Deposition of contami- 
nants on optical surfaces, however, has probably degraded data taken by some of the 
experiments. 
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Some experiments and windows are also subject to contamination by particles 
inside the Saturn Workshop. An assessment of the Saturn Workshop internal en- 
vironment based upon the inflight aerosol analysis expariment (T003) data indi- 
cates that the internal environment was relatively clean. The T003 particle 
counter measures the aerosol particulate matter concentration and distribution 
in the 1 to 100 micron size range. The collected particles were returned to 
Earth for analysis. The particle count was on the order of 3000/ft3. For com- 
parison, the particle count in a typical office environment is approximately 
500,000/ft3. 


11.4.1 Solar Observatory Experiments 

The solar physics experiments contained in the solar observatory include the 
white light coronagraph (S052) , the X-ray spectrographic telescope (S054), the 
ultraviolet scanning polychromator spectroheliometer (S055), the X-ray telescope 
(S056) , the extreme ultraviolet spectrograph and spectroheliograph (S082A and 
S082B), and the hydrogen alpha telescopes. All the optics in the solar observa- 
tory have aperture doors which are closed during nonope rational periods to pro- 
tect the optics from external contaminants and thermal degradation. The two 
quartz crystal microbalances mounted on the solar observatory sunshield have a 
larger view angle than the experiments. Therefore, the presence of contaminants 
from external sources would be detected before the experiments could be affected. 
Since there are no surfaces in the field of view of the optics, the -„iin source 
of deposits would be from inside the solar observatory canister. 

During the process of obtaining television images of the Sun, numerous par- 
ticles were observed in the S052 field of view beginning on Day 17. The most 
clear-cut particle sighting correlation during the first manned period was the 
appearance of particles on Day 29 during the malfunction checkout of workshop 
habitation area vents. The crew's comment as they opened the vent valve was, 
"looks like the 4th of July on the white light coronagraph." During the extra- 
vehicular film retrieval on Day 37. the S052 occulting disk was "dusted" with a 
camel halt optical brush, removing what appeared to be a small piece of white 
thread. During this extravehicular activity, a single piece of aluminized 
mylar, a loose washer, and blind rivets were also observed floating out of the 
canister. During the second manned period, a large shower of particles occurred 
on Day 87, which correlated with a condensate system malfunction checkout. Liquid 
from the condensate tank had been vented through the contingency condensate sys- 
tem vent while an S052 experiment was being conducted. A temporary degradation 
of experiment data resulted from light scattering effects during the particle 
shower. During the extravehicular activity for film retrieval on Day 132, the 
S052 occulting disk was again dusted to remove what appeared to be a small 
metallic \dilsker. These Instances were isolated and did not cause a contamina- 
tion problem with the solar physics experiments. Many S052 video transmissions 
showed no particles present in the field of view, indicating that particles are 
not a continuous phenomenon. There is no evidence that external contamination 
significantly degraded S052 experiment data. 

On Day 25 the S0S4 door was latched in the open position because cf door 
operating problems. It was determined that the risk of data loss due to con- 
^ tamlnation from an external source was less than the risk of data loss due to a 

stuck door. This was based upon microbalance data which indicated that there 
was no deposition of contaminants on the Sun end of the solar observatory. In 
addition, the structural partitions and layers of superinsulation between the 
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experiments minimized the potential effects on other experiraen»‘s from exte»-::al 
contamination entering this door. Subsequently, the doors for the hydrogen 
alpha 2, S032A, and S082B experiments were either latched or inhibited in the 
open position beciause of door problems. Leaving the doors open did not con- 
tribute to degradation of the experiment data. The solar observatory canister 
internal pressure and temperature measurements were monitored during the mis&i.on 
CO assess the possibility of deposition on optics from cutgassing, and no depo- 
sition effects were noted. 

11.4.2 Earth Observation Experiments 

The Earth observation experiments include the raultispectral photographic 
facility experiment (S190A), the infrared spectrometer experiment (S191), the 
mulcicpectral scanner experiment (S192), the microwave radiometer, scat terome ter, 
and altimeter experiment (S193), and the L-band microwave radiometer experiment 
(S194). 

The docking adapter window, through which the internal S190A cameras collect 
data, has an external cover which can be closed to limit the deposition of con- 
taminants on the optical surface. The S191 and S192 experiments have external 
aperture doors to protect the optics from contaminants and thermal degradation. 
These covers remain closed except during data collection periods. 

The crew observed particles through the S190A window while opening the w’in- 
dow cover on Day 27. These particles were apparently paint chips caused by the 
window cover’s contacting the external docking adapter surface. The particles 
were not numerous and did not noticeably affect data. Also, on Day 28, the 
thruster attitude control system fired approximately nine times during data 
taking. However, the Earth observation film condition and scientific content 
were good. 

On Day 16, the crew observed brownish spots on the internal S190A optical 
filters, but did not clean the filters at that ti’-:. The ;e spots may have been 
residue from condensation. The S190A desiccants were also observed to be white, 
indicating moisture had been present in or around the camera. During the second 
manned period, the desiccants were inspected and found to be pale purple rather 
than blue in appearance, indicaling possible saturation. Desiccants were subse- 
quently changed at intervals of 2 or 3 days. No condensation was noted on opti- 
cal elements. On Day 27, tae crew observed specks of dust or bubbles on the 
interior surfaces of the lenses of all camera channels. Using a penllght, the 
crew inspected the lenses on four of the camera stations on Day 126 and again 
observed fine particles cr imperfections on inner lens elements near the camera 
shutters. The origin of the particles was definitely internaj. to the camera 
and the surfaces were not accessible for cleaning. Scattering of light from 
these particles adds to, and probably masks, scattering effects from other con- 
tamination sources. All three crews observed emulsion streaks on the film 
platens and were successful in removing them and cleaning the platens. However, 
some minute ar^as of photographed ground Seelies were obscu’*ed. This was appar- 
ently due CO the presence of dust and po 3 sibl> a slight amount of other material 
on the platens. This condition has had no substantive degrading effect on the 
data. 

To preclude failure of the S191 aperture door in a closed position, it was 
left open from Day 91 until Day 131. The microbalances recorded an Increased 
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contain cion environment just before the door-closing difficulties. There is a 
possibility that the service module oxidizer leak contributed Co the problem by 
oxidizing the lubricant on the door hinge. Preliminary review of the S191 data 
taken during the first manned period indicates the possibility of some deposition 
or the external optics because of the reflection cf outg^^ssants by the ambient 
atmosphere. Until further data reduction is completed, no contamination-related 
co:iclusions can be made. 

The S192 aperture door was inadvertently left open between Days 96 and 98, 
more than doubling the exposure of the S192 optics to the external environment. 
Since the optics were well protected from line-of-sight contamination sources, 
even with the door op«n, detectable contamination effects were not expected, 
evidence of S192 experiment data degra!*i ion has been found. 

The operation of the S193 experimenc was nortaal until Da> 125, when 
crew observed antenna pitch and yaw control difficulties, '^he malfunction ap- 
pec.ied CO be electrical and possibly the result of short circuits by scraps of 
aiusiinized insulation on the antenna position feedback potentiometers, which are 
mounted on the antenna's gimbal structure. Extravehicular repair vas considered 
feasible, and on Day 193 the crew inspected the antenna, performed electrical 
tests, and removed some foreign material in the gimbal area. The crew was able 
to restore controlled motion of the antenna in the yaw direction, but had to 
disable the pitch gimbal motor and pin the pitch gimbal at a zero degree pitch 
angle. There were no indications of contamination effects on the S193 experi- 
ment data. Radiometer and scatterometer return was as predicted. The tunnel 
diode amplifier bias, which is indicative of degradation of the receiving crystal, 
was within tolerances. It was calculated that there was approximately 2.5 ug/cm^ 
of accumulated deposition at the antenna fcedhorn, which was far belov experiment 
tolerance. Figure 11-5 illustrates the estimated accumulation computed through 
use of the deposition math model. The pressures around S193 were calculated to 
be on the ordei of 1 x 10*^ torr, which is approximately three orders of magnitude 
below corona onset \alues. 

The S194 antenna was exposed to the 
intermittent firings of the service module 
reaction control system throughout the 
mission as well as the leaking oxidizer 
during the second manned period. These 
occurrences could have resulted in depo- 
sition or oxidation of S194 surfaces. 

To date, no contamination effects on S194 
data have been noted. 

11.4.3 Scientific Airlock 
Experiments 

The experiments operated in the work- 
shop scientific airlock include the ultra- 
violet stellar astronomy experiment (S019), 
the ultraviolet airglow horizon photography 
Figure j 1-5.- S193 Feedhorn experiment (S063) , the gegenschein and 

deposition model predictions. zodiacal light experiment (S073), the ul- 

traviolet panorama experiment (S383), the 
ultraviolet electrcnographic camera experiment (S201) , two contamination measure- 
ment experiments (T025 and T027), the particle collection experiment (S149), and 





1 


11-16 


the Earth terrain camera (S190B) . The S149 and S201 experiments weri also p6r- 
formed from locations outside of the workshop and are discussed further in 
11.4.4. 


During the first and second manned periods* a series of incidents involving 
S019 experiment systems occurred which may have resulted in some experiment d.ata 
degradation. Since the S063, S073, S183, and S201 experiments used S019 hard- 
ware conq)onents, their data may also have been affected. 

On Day 17, the articulated nirror system tilt and rotation control malfunc- 
tioned. The crew performed maintenance on the system for approximately an hour, 
during tdilch time the mirror surface was exposed to cabin atmosphere and crew 
breath. In addition, a smudge or fingerprint was discovered on the mirror sur- 
face. This was not removed, as the probable effect on experiment data was con- 
sidered to be slight. Data collected by the second crew on Days 95 and 96 may 
have been influenced by condensation or particles from an evacuation of the gas 
side of the condensate holding tank chrough the scientific airlock vent which 
occurred in violation of operational constraints. On Day 99, the articulated 
mirror system would not retract and remained in the scientific airlock for ap- 
proximately 28 hours until it was successfully retract>.d. During this period 
the mirror reached a temperat«ire calculated to be approximately -30“C. Upon 
removal into the workshop, droplets of moisture condensed on the mirror surface, 
further contaminating it. Subsequent inspections and photographs revealed some 
scratches, abrasions, and apparent contaml;.ation particles. 

There is a strong possibility that contamination deposits on the mirror 
degraded the S019 data from the second manned period. Analysis of the data 
indicated that the signal intensity received from a specific star field in the 
1500-angstrom spectral region, when measured during the second manned period, 
had degraded approxi-mately 50 percent as compared to a measurement of the same 
star field at the s\:art of the first mann^'< period. Because of this deteriora- 
tion in ultraviolet reflectivity and plans for extensive use of the mirror, a 
replacement mirror was installed by the third crew. Preliminary review of S019 
data from the third manned period shows no obvious effects due to contamination. 
Since no known anomalies related to the replacement mirror occurred, no degra- 
dation is expected in data taken with this mirror. 

The S063 experiment operations began during the second manned period. 
Photographic data taken through the wardroom window and airlock windows 3 and 4 
may have been degraded by contamination of the windows. The nature of this 
contamination is discussed in 11.4.5. The S019 articulated mirror system was 
also used in obtaining S063 data, so it is possible that degradation occurred 
because of the reduced ultraviolet reflectivity of the mirror. To date, however, 
no serious degradation to the data has been found. 

During one S183 experiment data collection period on Day 21, the crew re- 
ported seeing a few particles on the solar side tdten using the S052 white light 
coronagraph video display. The moon was almost full and reflected moonlight 
from the gold surface of the workshop could have affected the S183 spectra and 
been interpreted as a contamination scattering phenomenon. While these conditions 
were not desirable for acquisition of S183 data, they did not seriously affect the 
data. One frame of S183 photography, taken on Day 37, shows a tumbling object 
moving across the field of view. Examination of conditions existing at the time 
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seems to rule out the possihillty of the object being particulate matter near the 
workshop. The object appeared to blink every 3 seconds, which may indicate that 
it was a tumbling shroud segment or other large piece of debris some distance 
away. Since the S183 experiment also used the S019 articulated mirror system, the 
data collected will have to be analyzed to determine if the mirror surface con- 
tamination caused any degradation. Experiment operations conducted during the 
third manned period with the new mirror revealed no effects due to contamination. 

The S201 experiment film indicated corona problems during approximately 25 
percent of the camera's operation through the -Z scientific airlock. The hardware 
to attach S019 2uid S063 equipment for use in the airlock could have increased the 
instrument's leakage rate. This would cause the higher pressures which allowed 
corona to occur. No corona problems were observed during extravehicular activity 
operation of the camera, which tends to confirm the possibility of leakage during 
the airlock operations. The S201 experiment also used the S019 articulating 
mirror for the airlock exposures, and some data may be degraded because of the 
reduced ultraviolet reflectivity of the mirror. 

The T027 sample array was deployed through the -Z scientific airlock on Day 
35 and retracted on Day 37, The upper carousel did not close properly, so the 
cold upper carousel samples were exposed to cabin air, with condensation very 
likely occurring. Laboratory analysis of the returned samples indicates deposition 
levels below 10"^ g/cm^ on all samples. This was the low threshold of the measure- 
ment instrumentation used and indicates close correlation with predicted values. 
Figure 11-6 shows the predicted deposition as computed with the deposition math 
model. The sample array quartz crystal microbalances could not be used since the 
sample array had to be operated in the -Z scientific airlock where instrumentation 
connections were not available. 

During operation of the T027-S073 
photometer on Day 33, large numbers of 
particles were sighted on the S052 white 
light coronagraph video display. Excep- 
tionally hig'^. brightness could result from 
light scattering by such particles. The 
command and seir/ice module hydrogen and 
oxygen vents may still have been emit- 
ting at this time since this venting 
started on Day 32 and continued for sev- 
eral days. On Day 33 the condensate hold- 
ing tank (cabin air side) was evacuated 
through the -Z scientific airlock vacuum 
vent. To avoid any possible effect- n the 
photometer, the photometer was exte^,. e ’ 
and pointed directly along the -Z axis. 

On Day 34, the photometer was extended 
Figure 11-6.- T027 sample array c ring the service module reaction control 

deposition model predictions, system trim maneuver. Because of the 

large distance and the fact that only the 
+X react- on control system thrusters fired, there was no deposition on the inside 
of the photometer sunshade. However, scattered light from the reaction control 
system plume was detectable. As measured by the T027-S073 photometer, the ratio 
of the brightness of the plume to the brightness of the Sun was 4 x 10*^^, at a 
90 degree Sun angle, with possibly brighter transients. This was not bright 
enough nor of sufficient duration to provide serious contamination. 
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During thxi second manned period, T027-S073 photometer data were obtained 
only on Days 80, 81, and 82. On Day 83, after all attempts to retract the ex- 
periment equipment failed, the experiment was jettisoned, resulting in the loss 
of reference photographs which would have aided in the analysis of collected 
data. The evaluated brightness level from Day 82 data indicated a scattered 
brightness ratio of approximately 2 x 10^12 B/B 0 . 'fliis level is orders of mag- 
nitude higher than that seen during the first manned period. It is presently 
concluded that the service module reaction control system oxidizer leak, which 
occurred during this data collection period, was responsible for the change in 
brightness levels. In general, the S073 photographic data obtained in conjunc- 
tion with the photometer data were excellent. The base fog was low, with some 
reticulation and static discharge observed. However, the film data and scien- 
tific content were good. 

Additional experiment data for S073 were obtained during the latter part 
of the second manned period and during the third manned period by employing the 
S019 articulated mirror system, the T025 canister, and the S063 camera. The 
evaluation of these data has not proceeded far enough to assess contamination 
effects. Hov/ever, the information relating to contamination of these experiment 
optical systems will likely apply to these data also. 

Because of the parasol thermal shield deployment through the +Z scientific 
airlock, T025 could not be operated in its u^^rmal mode. The occulting disk was 
moved aside and on Day 114 seven frames of excellent gegenschein photographs 
were taken, through the -Z scientific airlock, using S063 film- There appeared 
tc be no degradation due to contamination, specifically that nrom particulate 
matter. However, particles in the vicinity of Sky lab were not illuminated by 
sunlight; therefore, light scattering from the immediate vicinity of Sky lab was 
not possible. In the third manned period, the T025 experiment was performed 
only to obtain visible light data from Comet Kohoutek during four extravehicular 
activities. Preliminary data analysis indicates that, because of a camera mal- 
function, photographs were made at approximately an 8 -foot focus setting. Some 
of the frames indicate particles floating within the field of view of the instru- 
ment and may help in determining particle size or intensity data. 

The S149 cassette was initially deployed on Day 38 and on Day 41 opened to 
space, where it remained cvposed through the second unmanned period. It was 
closed on Day 76 and retrieved from the -Z scientific airlock on Day 79. The 
experiment was moved to the solar observatory sunshield during an extravehicular 
activity and exposed on Day 85. It was retrieved on Day 132. The S149 cassettes 
exhibited some oxidation and varying degrees of contamination. The cassettes 
exposed from the sunshield appeared to b more contaminated than those exposed 
through the scientific airlock. It is not known at this time whether or not con- 
tamination contributed to the formation of oxides on S149 surfaces. Contamina- 
tion does not appear to have affected the S149 experiment objectives signifi- 
cantly. 

There was no indication of contamination of any data collected with the 
S190B Earth terrain camera. 


11.4.4 Other External Experiments 

Two experiments were mounted outside of the Saturn Workshop to study orbital 
environment and collect astrophysics data. They are the thermal control coating 
experiment (D024) and the inagnetospheric particle composition experiment (S230) . 
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Three experiments were deployed or operated during extravehicular activities. 

They were the X-ray and ultraviolet solar photography experiment (S020) , the ul- 
traviolet electronographlc camera experiment (S201) , and the particle collection 
experiment (S149) . 

The two sets of thermal control coatings (D024) sample trays were exposed 
on Day 1 when the shroud was jettisoned. The samples were continuously exposed 
until one set of trays was retrieved during the extravehicular activity on Day 
37. When these samples were analyzed it was discovered that they were discolored 
a brownish yellow to brownish gold. Areas on the samples that were shaded from 
the Sun by nearby objects such as lanyard cables and restraining pins showed no 
visible discoloration. Measurements cf the absorptivity of some samples indi- 
cated changes of almost an order of magnitude greater than expected. The second 
set of trays, retrieved on Day 132, were noticeably more degraded. Coloration 
over all areas exposed to the Sun was a deeper brown than seen on previous 
samples. Sample trays appeared darker near the edge closest to the extravehicu- 
lar activity hatch, indicating that airlock or crew activity effluents may have 
affected the samples. The degradation in absorptivity for the white paint 
samples was approximately three times greater than that seen on the first saru - 
pies. 


Analysis of the D024 samples has been compromised by the amount of contami- 
nants deposited on the samples' surfaces. The contaminant coating on the first 
set of samples measured between 700 and 2450 angstroms in thickness and was com- 
posed primarily of silicates and hydrocarbons. These contaminants could derive 
from materials outgassing, laboratory coolant leakage in orbit, or service 
module reaction control engine firings. The observed high level of discolora- 
tion was not expected and indicates a combination of contaminant deposits inter- 
acting with high energy solar radiation during the long term exposure. 
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Consequently, backup D024 samples 
were flown up with the third crew and ex- 
posed on Day 193. The samples were re- 
trieved on Day 266, and exhibited contuni- 
nation effects similar to those of the 
two previous samples. The D024 experiment 
was exposed to an additional sour*''^ of 
contamination during the third mann':;J 
period. On Day 226, during an extrave- 
hicular activity, a le< k in the Commander's 
suit released large amounts of yellov/ish 
colored ice particles. A similar event 
occurred with the Science Pilot's suit on 
Day 266- In addition, the Commander's 
pressure control unit deflector was not 
used on Days 230 and 266. These events 
could have resulted in a significant in- 
crease in the particulate or molecular flux 
on D024 surfaces and Increased the deposi- 
tion of contaminants. Until further analy- 
sis is completed, no conclusions can be drawn from the third set of samples. Con- 
tamination thickness values calculated by the deposition math model were in close 
agreement v’ith the preliminary measured values (fig. 11-7), 




. QlyWrtC I 

I 

j 

s.t 




Figure 11-7.- Experiment D024 
deposition model predictions. 
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The S230 experiment consisted of collector foils formed into cuffs that were 
wrapped around two spools on the deployment assembly truss. Two cuffs were used 
per spool with one cuff being covered by the other. The two outer cuffs were ex“ 
posed when the shroud was jettisoned and retrieved as planned on Day 85. The 
crew observed Iridescence on the cuffs » similar to that seen on water covered by 
a thin film of oil. Deposition on these cuffs is suspected to be up to 1 micron 
thick. Only the inner cuff from the spool nearest the command module was re- 
trieved on Day 132. It is expected to have a maximum contamination thickness of 
7000 angstroms. Upon return, the two outer cuffs were visibly contaminated and 
were golden brown in color. If clean, they should have appeared metallic or light 
grey. The most deeply discolored areas were those facing away from the Sun. The 
inner cuff, removed on Day 132, did not appear so discolored, nor did it appear 
contaminated. Deposition on the collecting cuffs seriously hindered interpreta- 
tion of the data. 

Because of the degraded data, another inner cuff was taken up by the third 
crew and deployed on Day 193. This cuff and the one remaining inner cuff were 
retrieved on Day 266. These cuffs showed considerable deposition as well as an 
iridescent discoloration on the various sample strips. No conclusions relating 
to description or source of the contaminants can be made until the analysis is 
completed. The S230 experiment samples, however, were exposed to the same con- 
tamination environment as the D024 samples. C^^rrelation between analyses of 
deposits on the two experiments will provide very useful information. 

Because of the parasol thermal shield deployment through the +Z sc:Lentific 
airlock, it was not possible to operate the S020 experiment as planned. The 
third crew carried the appropriate hardware to mount the experiment externally 
for extravehicular operation. The S020 experiment was performed during three 
extravehicular activity periods on Days 226, 230, and 266. The first exposures, 
on Day 226, provided data that were good above 111 angstroms but were nonexistent 
below 111 angstroms. Subsequent data below 111 angstroms were exceptionally poor. 
Preliminary observations of the filters indicate some deposition on the surfaces. 
The presence of water vapor in the field of view could also have degraded the 
data. Further analysis will have to be performed to determine what the deposits 
on the filters are and how they affect the experiment data. 

The S020, S201, and S149 experiments were all subjected to the suit leakage 
discussed previously. A significant increase in the release of particulate and 
molecular material in the vicinity of the experiments could contribute to degra- 
dation of the data collected. 


11.4.5 Windows 



Figure 11-8.- Saturn Workshop 
window locations. 


The Saturn Workshop has six windows 
used for experiment data acquisition, 
general viewing, and hand^-held photography. 
Figure 11-8 shows the locations of these 
windows. The experiments using the windows 
include the ultraviolet airglow horizon 
photography experiment (5063), the multi- 
spectral photographic facility experiment 
(S190A), the barium plasma observations 
experiment (S232), the Comet Kohoutek pho- 
tometric photography experiment (S233), and 
the Skylab-Earth laser beacon experiment 
(T053) . 
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To protect the critical experiment windows, a number of precautions were 
taken. The S190A window contains one fixed, external, optical-quality pane and 
one inner, removable, lower-quality safety pane. Thermostatically controlled 
heating ►^laments prevent fogging and optical distortion. The airlock windows 
are double-paned, sealed units. The S190A and airlock windows have hand-operated 
protective external covers. The wardroom window is double-paned, with provi “^on 
for venting the volume between the panes. There is no external cover; however, 
it has both an internal protective cover and a window heater. 

During the initial phase of the first manned period the S190A window heater 
was operated intermittently to conserve electrical power. Because of the low 
temperatures and high relative humidity in the docking adapter, there was the 
possibility that moisture might condense on the window's surface. The window 
heater was turned on 1 to 1.5 hours before an Earth observation experiment and 
turned off immediately after the pass. This heating before opening the external 
window cover prevented the window surface temperature from reaching the dewpoint 
and no condensation formed. The second crew reported cleaning two smudges from 
the internal surface of the window with wet wipes. The third crew, although 
they reported that the window was visually clean, also cleaned the inner surface. 
No external contamination of the window surface was observed throughout the mis- 
sion. The heaters and covers for this window appeared to be quite effective in 
preventing condensation on the window surfaces, and there were no conteuninatiou 
effects on the S190A experiment. 

The airlock windows were free of contamination up to Day 18, when several 
"leafy** particles were observed on the exterior surface of window 4. These 
particles were present to a lesser degree on the other windows. The source of 
these particles was suspected to be window frame insulation which was rubbed 
off by the covers during opening and closing operations. The window covers on 
the solar side were opened, starting on Day 19, for about 6 hours a day during 
the first manned period to provide additional illumination. The second crew 
reported that the airlock windows were left closed except for specific observa- 
tions or photography. Each window was used for a maximum of about 1 hour per 
day, as opening the windows created light interference with solar observatory 
console video displays. 

During the extravehicular activity to deploy the solar array wing on Day 25, 
a footprint was left on the outside of airlock window 2, and remained throughout 
the mission. Fine dust was also noted on the outside of all windows. This dust 
was probably tiny paint flakes scuffed loose by crewmen during extravehicular 
activities, as well as the particles of window insulation previously mentioned. 

The particles were probably attracted to the window surface and held by electro- 
static charge. Airlock windows 1 and 2, opposite the solar side, showed periodic 
condensation on the inner surfaces when open, which cleared as scon as the covers 
were closed. Windows 3 and 4, on the solar side, never showed any condensation. 
The residue from condensation and smudges from crew contact were removed from the 
interior window surfaces with water and wet wipes, which v/as a very effective 
technique. Airlock window 3, which was the least contaminated of the four win- 
dows, was used to obtain S233 experiment photographs of Comet Kohouteh. Although 
no information on the effects of window contamination on the experiment data is 
available at t lis time, the calculated transmission loss was minimal. Figure 11-9 
shows the deposition and resultant t ansmlssion loss, as calculated with the depo- 
sition math model. 
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The wardroom window was used exten- 
sively for general viewing, photography, 
and television and therefore was under 
continuous scrutiny* wlien the window was 
first activated, a small ice formation 
about the size of a dime was noticed in 
the center of the inner surface of the 
outer pane. A more critical inspection 
later revealed an oily film on the outer 
surface of the outer pane. The film ap- 
peared to have water streaks which ran 
toward the aft end of the vehicle. It is 
suspected that both of these effects re- 
sulted from conditions existing on the 
pad before launch. 


100 120 uo i60 180 200 220 240 

Saturn Workshop mission day 


Figure 11-9.- Window deposition 
model predictions. 


As the mission progressed the ice 
spot alternately melted and refreze as 
the window heater was turned on and off: 
and also as the effects of Earth albedo 
increased and decreased. It eventually 

spread to nearly 4 inches in diameter. The volume between the panes was vented 
to space through the scientific airlock vacuum vent and then repressurized with 
dry air. Crew reports indicated that the vent from between the panes to the 
cabin apparently leaked and permitted cabin atmosphere to reenter after the 
evacuation process. This was evidenced by condensation streaks running from the 
vent orifice toward the center of the window. The evacuation and repressuriza- 
tion process was required approximately every 2 weeks during the second manned 
Deriod and every 3 weeks thereafter, but the spot and internal streaking never 
completely disappeared. Even Immediately after the repressurization with dry 
air some solid residue remained. 


Television pictures taken through the window during the first manned period 
revealed particles which the crew reported to be the outermost surface. Those 
particles are suspected to have come from paint ana insulation scraped loose dur- 
ing the meteoroid shield incident and the subsequent solar array deplo)rment. 

When the window heater was turned off, cabin atmosphere often condensed on 
the inner surface. The extensive use of the window for viewing also resulted in 
condensation on the inner surface from the crewmen's breath, along with hand and 
nose prints. This surface v' j repeatedly cleaned with wet wipes. 

The usefulness of the wardroom window for photography was compromised by the 
contamination in the center of the window. The crew h. d to move around the edge 
of the window as close to the periphery as possible to take hand-held photographs. 
Figure 11-10 is a photograph of the window taken during the second manned period, 
showing the central ice mass, streaking from the vent, and various particles 
clinging to the outer surface. 

Visual observation and photography were performed through the wardroom win- 
dow to collect data for the S063, S232, and T053 experiments. The T053 experiment 
was conducted during the second and third manned periods to evaluate the use of 
lasers for navigation and communications. There Is no indication that the con- 
tamination on the window affected the results of the T053 experiment. Analyses 





Figure 11-10.- Wardroom window cont iminatjon. 


of the S063 and S2T2 experiment data are as yet too incomplete to assess the 
effects of tlie window contamination. As shown in figure 11-9, the deposition 
math model calculations revealed a loss of light transmission capability during 
the mission. 

11.4.6 Star Tracker 

Contamination affects the usefulness of the star tracker the instru- 

ment acquires, locks onto, and tracks a particle in the induced atmosphere in 
lieu of the star. The star tracker can abandon a target star and lock onto a 
contam..nant particle if the particle is in the scar trackei’s field of view and 
if tile apparent magnitude of the particle is brighter than the star tracker’s 
minimum threshold. This is preset at a magnitude of 1.16, which is 0.5 magni- 
tude belov; the dimmest target star. The automatic gain control in the video 
amplifier rejects signals generated in the star tracker pi.ototule by objects 
dimmer than 1.16 magnitude. Wlien tracking a brighter star, the automatic gain 
control determines a higher thresliold, which decreases the possibility of ac- 
quiring contaminant particles. 

During the first manned period incidents of tracliing false stars were jf 
major concern. There were far fewer incidents, however, during the second 
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manned period and none in the third manned period. Thir elimination of false 
tracking incidents was due to changes in star tracker operational proced ires 
resulting from analysis of the incidents. False tracking incidents were time- 
correlated to potential sources of contamination to ascertain the degree to which 
contamination was responsible. Thirty-nine incidents could potentially be attiib 
uted to tracking of contaminant particles. Of this total, 35 were observed during 
the first manned period and 4 during the second manned period. Based on aeiody 
namic drag from the ambient atmosphere and star tracker gimbal rate evaluation, 

11 of these incidents have been established as probable conta^inant-particie 
tracking, 9 during the first manned period and 2 during the second manned period. 
Tlie remaining 28 incidents could not be analyzed becaus" of the lack Oi: adequate 
star tracker tracking data. 


To determine whether Saturn Wo^^shop attitude changes rather than contaminant 
particles were the cause of star tracker gimbal position changes, the tracking 
rates of suspected particles were compared to the maximum rates attributable to 
various vehicle attitude changes. The majority of false stars analyzed had track- 
ing rates from 0.09 to 0.74 deg/sec, which is characteristic of particles influ- 
enced by atmospheric drag. When compared to the maxirura vehicle attitude angular 
rate of 0.08 deg/sec, the angular velocity in the majority of false tracking in- 
cidents was too great to have been caused by vehicle attitude changes. Thruster 
attitude control system firings allowed vehicle angular rates up to ^^.3 deg/se^, 
however, these firings occurred infrequently. Only two incidents occurred during 
revolutions where the thruster system vrs used. 


A number of the false tracking incidents cai be attributed to the tracking 
of contaminant particles associated with specific Saturn Workshop events. Tiie 
major source of particles seemed to be in the general arei of the worksuop, where 
blistered paint and insulation could be loosened by tnolecuiar venting, thruster 
firings, waste tank vent pressure flow, and vehicle vibration, or hy the slower 
effects of the Sun. drag of the ambient atmosphere, and temperature variations. 
Venting of cabin at .osphere can form particles by condensation and CtiK also 
transport particles already present in the flow field of the vert. This type of 
venting was related to incidents during M092 and M171 experiment activity. 
Mechanical activities such as use of the articulating mirror system, solar ob- 
servatory dcor actuation, or installation of the 8190B Earth terrain camera could 
also generate particles. 


figure 11-11 illustrates the track of a contaminant particle on Day 32 which 
lasted for 3 minutes. The suspected source cf the particle was the M092 vent, 
from which cabin atmosphere can condense to form particles larger than 10 microns. 
The curvature of the track, whicli follows the changing aerodynamic drag vector, 
indicates a slow particle of small size, easily accelerated and not much larger 
than the minimum size detectable by the star tracker. The target star, Achernar 
in this case, is one of the c.immest target stars, so small particles can draw 
the star tracker away from it. 


Star tracker operational procedures were changed twice during the second 
manned period to minimize the crew time lost in responding lo false tracking 
incidents. First, on Day 87, vehicle attitude updating was inhibited except 
when needed. The second change, impleiuented on Day 106, involved closing the 
star tracker shutter except for the 10-second intervals neede* for vehicle 
attitude updating. The closed sliutter prevented the star trai r phototube 
from being exposed to any contaminatioi or high Jight level scarces which could 




r 





Cormand and 


service 

’nodule 


30 sec tine 
increments 


To corirand nodule 


0 wciksho!) 


Solar observatory 

Solar array and 
structure 


Solar observatory 


Sour i^ray 
liructure 


saturate the phototube. The Length of Lime in the tracking Mae was 
reduced from approximately 12 hours a -Jay to only minutes a “3>’’ _ *' 
of the operational chaiiges and the lection of brighter target s*tai 
tracking incidents were all but eliminated. Only three cont^inati* 
incidents were observed between Day 87 and Day 94- After this, no 
contamination-related star tracker incidents occurred, even though i 
were as frequently observed throughout the remainder of the mission 


11.4.7 Thermal Control Surfaces 


, such as the solar observatory, 
e monitored for degradation due 
dished by evaluating the changes 
lar absorptivity and infrared emissivity characteristics of the 

from selected temperature transducers. Thes 
oxide pigments bonded with potassium 
licone (S-13C) , whicl. were selected for low absorptivity. 

observed, since each one was poten- 


Saturn Workshop thermal conti 
airlock radiator, and workshop ati 
to contamination deposition. Thii 
with time in so!_ _ 
surfaces through analysis of data 
surfaces include white coatings of zinc 
silicate (Z-93) or si 
The conenand and service modules were also 
tially a new source of contaminants. 


The thennal control surfaces apparently experienced some degradation in 
optical properties- Since concacnination degradation is a long term trend ef- 
fect, it is difficult to distinguish it from damage due to radiation. It is 
felt that both the S-13G paint and Z-93 coatings experienced degradation from 
either ultraviolet radiation or interaction between a contaminant and solar 
ultraviolet* Crew observations revealed that all Saturn Workshop areas exposed 
to the Sun turned a tan to brown color* The monitored surfaces were noticeably 
discolored. Command and service module surfaces exhibited a tan to brown color 
pattern in solar exposed areas, indicating ultraviolet degradatioa- 


Areas of the solar observatory show definite discoloration patterns on 
surfaces not directly exposed to solar radiation which are, therefore, the 
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result ul eoTUaniiiKHU JeposiLs* Ineso surjares face the ex l raveli i eu lar aeLivUy 
cnuulratU I'f the airloeh i rum vlueh a rehuively lieav^y erflux ef einissioas occurs. 
Most oi the ouLgassiii^ xal leaKaee t rom tiie warksiu'ip foru’arU Jone, ext raveiii ru Ini 
iiatch area, forwaru skin, iu^it rumont unit, ar.tl airlock is directed out tiiis quad- 
rant, During ext rivehic*- ! ar aetivitKs, the airlock is /ented Lhrtuigh this quad- 
ant and eutgassiiig occurs from equi|.c:ent locate<l within the airlock, i’hoto- 
graphs taken hy tlie crews show the rcsul-ing -liscolorat ion pattern and its pro- 
gressive daikering (fig, 11-12), Thermal measurement s plotted during the mission 
indicated a cradnal tempt rat ure rise in the areas exposed to tliese emissions, 

Tiiis trend was not exhibited by moasurem^ its from shaded surfaces on the opposite 
side of the si lar observatory that do not iiave ! ine-c f-sight exposure to the 
quadrant. Thermal analyses indicate that the absorptivity changed iron approxi- 
mately 0,2 to between 0,4 7 and 0*37 by the end of die tliird manned period. All 
temperatures, iicwever, remained well within tolerance limits* 



Figure 11-12,- Surface discoloration at end of 
second manned period. 

The airlock radiator surface, located Just forward of tl>o extravehicular 
hatch, was expeclcd to have higher contaminant deposition Llian any otlier Saturn 
Kbrkshop thermal control surface. The 7.-93 coating exposed to solar radiation 
and Lc Lfie ext ravehirnJ ar activity quadrant emissions is thought to have been 
slightly degraded. Figure 11-13 shows that Llie loss of performance cnpabilitv, 
as computed with the dopes iiign math model, was negligihle. 
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liled analysis indicates that depo^ 
sitlon contamination did not significantly 
affect Saturn Workshop thermal control sur- 
faces « The considerable deposition on D024 
experiffient samples will reveal the full ex- 
tent of degradation from contaminants after 
analysis of all returned samples p 


11-4,8 Solar Arrays 


During the time period between the 
first solar inertial maneuver > on Day 1, 
Figure 11-13-- Airlock radiator and the first solar inertial maneuver of 

deposition model predictions- the first manned period, on Day 14, solar 

observatory solar array panels 7, 8, and 
13 showed power losses of 6, 6, and 10 percent, respectively- The exact manner 
and time in which the degradation occurred is unknown- Consistent solar observ- 
atory power data could not be obtained during this time period because various 
non— solar-inertial vehicle attitudes were re<)ulred for thermal control reasons- 
It is suspected, however, that the degradation in the power output of these three 
panels resulted from physical damage from exhaust impingement during the flyaround 
of the first crew, since the crew has indicated that motion of the solar arrays 
was noticed when the +X service module reaction control thrusters were fired. 


Following rendezvous and docking of the second crew, solar observatory; ar- 
rav panels 5, 7, 10, 13, and 16 indicated temperature increases of 2 to 4 “C. 

With the exception of panel 5, temperatures returned to a normal trend within 
12 days- The temperature increase in the forward half of panel 5 was the largest 
and that temperature remained higher than the others throughout the mission. The 
temperature increase could possibly be attributed to deposition on the backside 
of the solar arrays due to the oxidizer leak from the service module reaction 
control engine that occurred folloii/ing docking- It is not known wny the forward 
half of panel 5 did not recover as did the other panels- The aft half of panel 
5 was protected from oxidizer impingement by the solar observatory and did 
not indicate any temperature excursions from normal. There were no significant 
changes noted in the power generating efficiency of the affected panels- 

Flyaround photography and crew cooanents revealed a progressive discoloration 
of the thermal paint on the underside of the solar arrays closest to the airlock 
extravehicular quadrant , as discussed in 11-4.7. 
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The concept which led to the development of the Saturn Workshop originated 
approximately 10 years before the vehicle's flight and included limited experi- 
ments related to space engineering and man's functional capabilities. Many space 
payload packages were being flown on unmanned and manned vehicles during this 
period. All these activities served to guide the various Skylab experimenters 
into areas of need and feasibility. The experiment program grew as a result of 
the developments in other programs and as the capabilities of the evolving Saturn 
Workshop increased. When the’ "clustering" concept was introduced for the Saturn 
Workshop, it allowed some of the experiment packages to be docked to the "wet 
workshop" for reservlclng, control, and other activities. Later the "dry work- 
shop" concept carried this idea even further so that some of these pa^-kages and 
Individual experiments could be integrated directly into the Saturn Workshop. 

The mission objectives, in addition to the operation of a manned station in 
space fnr an extended period, provided for a full program of experimentation. 

In fact, the Increase in experiment capability changed the program from a flight 
test of a manned laboratory to a long duration operational space mission. Table 

lists the experiments that were flown. They are grouped into 8 categories 
and include 125 individual experiments. Investigations, or demonstrations. The 
approved experiments were derived from several hundred candidates which either 
were continuations of other work underway or were new concepts. The materials 
science and manufacturing group and the student investigations were incorporated 
within the last 2 years before flight, and the science demonstrations and cometarv 
physics experiments were developed after the mission was underway. In addition 
observations from Skylab of a laser beacon at the Goddard Space Flight Center and 
of a barium cloud formed in the Earth's magnetosphere from a rocket launched from 
Alaska were also Included after the mission was begun. The procedures used for 
reducing the candidate list over the years are presented in reference 19. 

The development of approximately two -thirds of the experiments and the inte- 
gration of all except five vere the responsibility of the Marshall Space Flight 
Center. The life .sciences group, Earth observation group, and some others indi- 
cated in the table ..ere entirely the development responsibility of the Johnson 
Space Center, and ■ heir evaluation Is not included in this report except where 
integration aspects are considered. Information on the Johnson Space Center ex- 
periments can be found in references 15, 16, and 17. 

Development and Integration of the experiments into the Saturn Workshop con- 
sidered the major program objectives, compatibility with the laboratory and its 
resources, and the availability of crew time. Most of the experiments used the 
crew in varying degrees ti gain the most benefit. The management procedures for 
developing the equipment and integrating it into the Saturn Workshop are also 
presented in reference 19. 



Table 12-1.- Skylab Experiment Complement 
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In spite of the difficulties experienced with the Saturn Workshop during the 
first few days, the total experiment results far exceeded all expectations, and 
the overall perforoiance of the experiments was exceptional. There were problems 
that were the direct result of the launch anomaly; others were instrument or 
operations problems- Problems are classed as anomalies if they caused considera- 
tion of mission changes and are reported in some detail with the affected experl- 
men t • 


Data from the experiments were returned in several forms, including teleto- 
etry, photography, television, crew voice, logs, crew debriefing, ana samples, 
^proximately one-half of the experiments used photography and ranged In the 
electromagnetic spectrum from 0,1 to 160,000 angstroms. More detailed informa- 
tion on the experiments and their performance can be found in references 6 and 7 
The experiment results will be forthcoming in separate reports as the investiga- 
tors complete their analyses. 


12.1 SOLAR PHYSICS 


The solar physics experiments, except for the X-ray and ultraviolet solar 
photography experiment (S020) , were incorporated Into the solar observatory, 
which provided common pointirg, roll, power, and thermal control. The instru- 
ments viewed the entire solar disk and corona and provided high resolution data 
in the spectral range of 2 to 7000 angstroms. The instrument arrangement and 
spe<"trum ranges are shown in figure 12-1. In addition to the solar observa- 
tions, the instruments collected data on the Comet Kohoutek, Mercury's atmosphe 
Earth-Moon Lagrangian points, lunar libra t ion points, and the Earth's atmosphere 
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Tl>e instrrumPiits were cpeiateii from tlie control console (fiK- 12-2) by the crew 
during attended viewing operations. t^*rjtc!i configurations were selected b; the 
crew before unattended and unmanned periods for those instruments Chat were capa 
bl9 t>f unattend^4 op ©rat ion. 



Ffgiir© Crewman at solar observatory control 

and lUspliy console, 


Table 12-11.- Joint Observing 
Programs 
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Initially, each of the inrtnjmenfs haJ 
a unique set of scientific objectives and 
was desigtiet! to operate indepemlent ly . To 
use viewing time more efficiently, a joint 
observing program, presented in table 
was developed for each major scientific 
investigation. This enabled the instruments 
to collectively observe selected phetiomena. 
The individual instrument configuration and 
operations were defined as building blocks. 
The joint observing programs consisted of 
various combinations and rauUiples of those 
building blocks. This approach incorporated 
flexibility in selecting the data acquisi- 
tion metliod for a particular investigation. 
Typical building blocks are si^own in figure 
12 - 1 . 

The effectiveness of the solar observ- 
atory is demonstrated by the quality of 
the telemetered data atid film data. These 
data are superior to any previously obtained 
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and are expected to result In significant scientific discoveries that may revise 
theories of solar physics and Earth science. 
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Figure 12--3.' Typical building blocks, 
12-1.1 White Light Coronagrapli (S052) 


The white light coronagraph (S052) blocks out the image of the Sun's di^h 
and photographs the solar corona in the visible region (3500 to 7000 angKlroms) 
of the electromagnetic spectrum. The field of view is from 1.5 to 6,0 solar 
diameters. 



The instrument j shown in figure 12-4, consists of optics, a film camera, a 
television camera, a pointing reference system, associated electronics, and a 
thermal control system. External and internal occulting disks and a Lyot spot 
block the light from the solar disk. Internal apertures and light baffles reduce 
the scattered light and internal reflections. The lenses then produce an image 
of the corona on the film plane or in the television camera, and folding mirrors 
shorten the overall Instrument length. Calibration wedges provide a coronal 
brightness Intensity calibration pattern at the center of each film exposure - 
A four-position polaroid wheel provides polarization data of the solar corona, 
and the 35-millimeter sequential camera records the coronal image, calibration 
pattern, time of day, roll position, exposure time, experiment mode, internal 
alignment error, pointing error sensor, and polarization wheel position on each 
frame. The television camera provides the crew with real-*time monitoring. The 
pointing reference system provides error signals for pointing th' instrument 
optics axis to the center of the solar disk and error signals for alignment of 
the internal occulting disk with the optics axis. Electronics provide command 
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and control from the control console and from the ground 
torlng signals. The instrument temperatures are control 
passive thermal control system. 
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Figure 12-4.- Experiment S052 white light corona graph. 

Performance of the instrument was excellent throughout the mission. The 
crew, making real-time adjustments to the observing programs ann taking correc- 
tive actions in orbit, greatly improved the quality of the data and minimized 
the effect of anomalies. More observation time of the Sun’s „orona was obtained 
during the first few days of the mission than had been accumulated in all previous 
history. The scattered-light level in the Instrument was 1 to 2 x 10"-^^ times 
the brightness of the Sun, the lowest of any previous coronagraph. The design 
specification requirement of 56 days for orbital operating life was considerably 
exceeded, as the instrument waa still operational at the conclusion of the mis- 
sion. The television display proved useful to the crew and to the scientists 
on the ground. Premission requirements of 3 to 5 minutes of television observa- 
tion or downlink once per day was changed to twice per day during the mission. 
Except for brief periods of perturbation due to crew motions, a spatial resolution 
of 8 arc-sec was achieved, exceeding the instrument design specification of 15 
arc-sec, and equaling the limiting resolution of the film. 

The duration of the mission permitted observation of the corona during sev- 
eral rotations of the Sun (approximately 4 weeks per rotatioi . The dynamics of 
some coronal features were shown to have time scales on the order of one-half 
the period of rotation of the Sun. Some coronal features were observed to have 
time scales on the order of days. With observing periods of approximately 1 
hour out of every 1.5 hours (period of Skylab orbit), other coronal features 
were observed with time scales on the order of hours. The fast-scan mode per- 
mitted observation of coronal dynamics with time scales on the order of minutes. 


Some changes were observed between frames taken 40 seconds apart. Opportunity 
for extensive observation of solar corona dynamics on these time scales had never 
before been afforded. 

During the mission^ five film cameras containing 35-m-llimeter Kodak Special 
026-02 thin base film were used to obtain a total of 35,918 frames. Evaluation 

of developed film indicated that excep- 
tionally high quality photographic data 
were obtained, with considerable coronal 
detail visible on the film. The photo- 
graphs brought out a ealth of detail on 
the structure of the corona. The coronal 
structure was enhanced by the instrument's 
vignetting feature, which allowed more 
light to be viewed from the outer corona 
than from the inner corona. Together with 
the three lengths of exposure (3, 9, and 
27 seconds), this vignetting served to 
extend the effective photographic dynamic 
range of the instrument, permitting very 
faint outer- coronal detail observation on 
long exposures, and inner-coronal detail 
without blooming on short exposures. As 
an example, figure 12-5, a photograph in 
unpolarized light, is one of a sequence 
of 144 frames taken of an eruptive prom- 
inence, moving outward from the solar limb 
into the corona. The loop structures 
are material, moving outward, with a ve- 
locity of approximately 450 kra/sec. Inis rare event was observed for approxi- 
mately 0.5 hour. 

On Day 28 an unusual rate of temperature rise was observed inside the film 
camera. The rate of rise was comparable to that derived by computer simulation 
for a stalled film transport motor. At the next scheduled operation of the in- 
strument, the crew reported that the operate light did not illuminate and the 
frames -remaining counter did not decrement. The anomalous temperature condition 
recurred. The crew had performed the applicable malfunction procedure, which in- 
dicated a possible film camera or primary programer failure. Since further film 
camera operation was not possible until the camera was replaced, coronal observa- 
tions were performed using television downlink, A second film camera was in- 
stalled and checked out, and it operated properly. There was minimal data loss 
as a result of this anomaly. Postflight examination showed that the film was 
torn apart. After the film was torn, it had piled up around the supply-side 
drive sprocket until it jammed and stalled the transport motor 

12.1.2 X-Ray Spectrograph (S054) 



Figure 12-5.- White light corona- 
graph filmed corona detail. 


The X-ray spectrograph (S054) studies solar emissions in the soft X-ray 
spectrum (from 3 to 60 angstroms). The Instrument photographs solar flares 
within this spectrum during active periods and obtains broadband X-ray photo- 
graphs In selected regions of the X-ray spectrum during non-flare periods. A 
field of view of 48 arc-mla covers the entire solar disk. 


Tlie Instrument ^ shown in figure 12-6, consists of h telescope, an image 
dissector, a photomultiplier, a film camera, a thermal control system, and 
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Figure 12-6.- Experiment S054 X-ray spectrographic telescope. 

necessary supporting electronics. The mirror assembly and lens provide X— ray 
and visible images of the Sun, An X-ray transmission grating produces a dis- 
persed iiiiage of the Sun when positioned in the optical path, yielding moderate 
resolution X-ray spectroheliograins. The image dissector senses flare activity 
and provides a display for the crew on the X-ray image monitor for flate view- 
ing and a display of the total counts per second on tne image intensity counter. 
Filters in the filter wheel produce broadband X-ray photographs of the Sun, A 
pho tomuxUiplier monitors the intensity of the X-ray flux, provides the crew with 
information on X-ray activity, activates the flare alarm and automatic camera 
operation, and supplies data for pulse height analysis in the 10 to 100 keV 
range. The ^ilm camera records visible and X-ray images, records status of 
instrument operation, and provides time correlation for each exposure. The 
electronics provide control from the control console and from the ground and 
supply the telemetry monitoring signals. The instrument temperatures are 
controlled by a fully redundant primary and secondary thermal control system. 

The instrument successfully accomplished mission objectives. Mure than 
31,000 photographs were obtained using four film magazines and one magazine 



reload- Additional X-ray data were obtained by the photomultiplier and inage 
dissector systems, which provided intensity and pulse height information on 
solar activity* The instrument operated throughout the mission and exceeded 
its orbital life requirement of 42 days* 

There were two discrepancies. On Day 36 an instrument logic reset occurred 
that affected two telemetry measurements; picture count and X-ray shutter dura- 
tion. The resets continued randomly throughout the mission; however, only the 
telemetry was affected. The cause of the resets could not be determined* On Day 
217 , the crew reported that the lowest 40 percent of the X-ray image monitor in- 
termittently disappeared. Analysis indicated the problem was caused by an inter- 
mittent connection between the toain electronics assembly and the control console. 
Operations were not hampered and no repair action was necessary. 


The first solar flare Co be detected 
occurred on Day 33. Approximately 330 
exposures were obtained shewing flare 
growth in the X-ray region- Photoelec- 
tric flare data were telemetered to the 
ground and plotted as shown in figure 
12-8, The effect of the South Atlantic 
Anomaly radiation is also illustrated* 
Figure 12-8 also shows a response curve 
of the intensity monitor output during 
the flare. 


An anomaly occurred during the thit*d 
manned period that resulted in degraded 
data on botli film loads used- The filter 
wheel stuck between filter position 5 and 6 
the shutter was bent, and subsequently the 
The shutter opening was cleared by bending 
and the filter wheel was moved to position 3 {no 
n of the camera magazine, the bent shutter partially 
again. This produced several shadows on the X-ray 
a loss. During the end-of-mission closeout act ivi- 
ed from position 3 to position 1, It drove normally 
6 at that time* Moving the wheel manually cleared 


Figure 12-7.- Experiment S054 
X-ray photograph of the solar 
disk. 
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Figure 12-8.- X-ray flare response on Day ^3 


12-1,3 Ultraviolet Scanning Polychromator 
Spectroheliome ter (SOjSA) 


The ultraviolet scanning polychromator spectroheliometer (S055A) measures 
the intensity of solar radiation from selected regions of the Sun in the far 
ultraviolet wavelength region of 300 to 1350 angstroms with a 5 by 5 arc-sec 
field of view. 


The instrument > shown in figure 12-9, consists of a telescope, a spectrom- 
eter, a thermal control system, and related electronics. Unlike the other ob- 
servatory instruments, this instrument carries no film, The telescope employs 
an off-axis parabolic primary mirror to collect solar radiant energy and image 
a portion of the collected energy at the entrance slit of a concave grating 
spectrometer, A spherical concave grating disperses the incoming radiation into 
a spectrum, and seven ultraviolet detectors and one visible range detector de- 
tect the radiation. The electronics provide control of the instrument from the 
control console and from the ground, process the detected radiation, and provide 
telemetry monitoring signals. The instrument has both an active heating system 
and a passive Insulation system to maintain temperature control. 


Tlie instrument successfully accomplished the mission objectives and ex- 
ceeded its orbital life requirement of 56 days, performing within design speci- 
fications throughout the mission , Data were obtained in the ultraviolet wave- 
length region for construction of spectrohellograms to examine temperature changes 
between regions at super granulation, to measure the apparent size of the Sun at 
various wavelengths, and to determine the temperature and density structure of the 
low corona. 


Crew participation in solar observing programs greatly enhanced collection 
of scientific data. Periods designated for selection of targets of opportunity 
left solely to the discretion of the crew, provided an excellent means by which 
data collection decisions based on real-time solar conditions could be made. 




Experiment S055A extreme ultraviolet scanning 
poly chroma tor spect roheliome ter^ 

made available to the crew through the use of the pri- 

of part icuiai value for detec^ 
and then returning to those 
This technique was 
or loops » and during 
Of particular significance was 
instrument indications. When solar bright 
and high intensity counts were 
VI line (1032 ' angst roms) , flare activity could be ejc- 


mary uirror position reat:out. This feature was ■ 
ting points of (naxitnum intensity in mirror modes 
locations and initiating a grating scan for further study 
used during observations of the limb to detect prorainenc 
observations of the disk to study bright spots. ( ' . ^ 

the flare precursor provided by the 
points began changing location and magnitude, 
indicated at the oxygen 
pected. 

The total operating time for the Instrument was 2292 hours. Of this to 
time, aoproximately 1719 hours were used performing mirror raster scans and 
lirinrs unre soent Derformine grating scans, resulting in approximately ia,7bU 



The quitlity ol ihe data ohiained Ly the irisL rumi^a t vas excellent and 
ed ext rec^e 1 y goo* 1 op tic a 1 and electrical pe r f v> riiia ii c e • F i gu re 12-10 
le of a i^pccL rtdiuliograiR cons tr^ic Led from the data. 


Figure 12-iO 


Experiment S055A spec t roiie 1 iogra of 
a solar prominence. 


12.1,4 X-Ray Telescope (SU5b) 


in figure 12 — 11, cun sis ts of a hi., le scope ^'ith glancin 
camera, thermal control system, an X-ray event analyze 
A parnholic'hyperholic cylindrical glanc ing-incidciic 
mage oil ilie focal pli.e of tfie camera. Filters in tlie 
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Figure 12-11.- Experiment S056 X-ray telescope, 
filter wheel prc-uce whole-disk images in the required X-ray spectra 

Si: ss'S srs! 

....... 

The instrument successfully accomplished mission objectives. More than 

27.000 X-ray photographs were Jo^ni Five 

hours of X-ray spectral data were displayed telCT ^ ^ ezines were loaded 

obtained by leaving the shutter open when the camera was p 





Ev^I^atiun of the film data from the second manned period revealed tliat a 
light leak developed in filter 3 that allowed visible light to penetrate and 
partially expose the film. All six filters were subjected to ex—rure tines 
in excess of the premission operating requirements, but only filter 3 vas 
damaged. This impacted the scientific data as filter 3 was the only filter 
that covered the 'll- to 33-angstrom range. Indications were that the damage 
to filter 3 was due to thermal stress which caused perforations of the filter 
material or to a manufacturing defect that allowed the filter to lift out of 
the filter wheel. The exact cause of the problem remains unknown. 

On Day 197, the crew reported that the beryllium display counter on the 
control consc’e failed Co indicate any X-ray activity. Telemetered data veri- 
fied that the beryllium detector was functioning. Thereafter the beryllium data 
cocld only be monitored by the ground. The cause of this problem was not deter- 
mined. 


The overall X-ray image quality of the film was good and indicated stable 


optical performance of the telescope. Figure 12-12 is a representative photo 

graph taken by tlie camera. The X-ray 
event analyzer obtained 1174 hours of 
spectral data and was the first instru- 
ment to detect the major solar flare that 
occurred on Day 33. During the flare, the 
X-ray flux through the beryllium filter 
(7.25 angstroms), rose to 500,000 counts 
per second in approximately 5 minutes. 

The instrument experienced one anom- 
aly, Operational modes terminated prema- 
turely during the exposure sequences. 

The terminations were caused by the loss 
of the film advance pulse. Excessive 
mechanical drag buildup in the magazine 
caused by the antistatic backing from the 
film being deposited on the clutch sur- 
faces occasionally prevented the film 
drive motor from advancing the film a 
complete frame. This caused the film- 
Figure 12-12,- Experiment S056 advance decoding system to indicate a 

X-ray solar activity, short frame. Sufficient short frames in 

sequence would cause the film-advance 

decoding system to indicate no film advance, shutting the camera off until it was 
restarted. From all data examined and tests performed, the conclusion was that 
the mechanical drag buildup was sufficient to stall the film drive motor. The 
data loss was negligible and was more than compensated for by the increased number 
of photographs obtained over what was planned, 

12,1.5 Extreme Ultraviolet Speccroheliograph (3082A) 

The extreme ultraviolet spectroheliograph (S082A) photographically records 
images of the solar chromosphere and corona to 1,5 solar radii (when Sun-centered) 
in the wavelengths between 150 and 625 angstroms o'* 35- by 258-mil limeter film- 
strips. 



Figure 12-12,- Experiment S056 
X-ray solar activity. 
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The ins t rumt^nt ^ s!iown in figure 12“ 13, consists of a grating » a filmstrip 
camera, a thermal control system^ and related electronics, A two-position single 
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Figure 12-13 -- Experiment S082A extreme ultraviolet spectroheliograph, 

spherical concave grating diffracts the full solar image into its spectral compo- 
nents and focuses Che diffracted image onto the filmstrip camera. The heat re- 
jection mirrors reject zero order white iight and heat, A thin aluminum filter 
limits wavelength bandpass and prevents film fogging from stray light* A diode 
matrix data flasher records the time at the beginning and end of the exposure. 

The filmstrip camera records rows of overlapping images of the full solar disk, 
each representing a different wavelength. The electronics provide control from 
the control console and from the ground, and provide telemetry monitoring sig- 
nals, The instrument thermal control system uses heater panels for temperature 
control, 

Instrijment performance was excellent during the mission. Although the in- 
strument was designed for a life requirement of 56 days, it remained fuxly oper- 
able throughout the mission, Thu 6 film cameras obtained 1024 high resolutioii 
photographs using extreme-ultraviolet-sensitive type 104 film except for the j 
frames of type 101 film in load 6 for Comet Kohoutek viewing. One camera was 
installed on the instrument at launch, two were stored in the docking adapter 





one was resupplied for the second nuinued period, and two were 
r the Lhirii manned period. 

.on of the photographs revealed fine detail and excellent optical 
scientific objectives were accomplished, and the spectroheliogr 
! the film cameras indicated proper functioning of the 1. a rumen t 
ire 12-lA is a photograpVi taken by the film camera and is repre- 
Che photography achieved througliout the mission. 


Figure 12-14.- Experiment S082A film camera photograph. 

■Strumenc experienced two anomalies during the mission. On Day 17, the 
,ted that Che frames-remaining counter failed to decrement. Telemetry 
le failure by absence of t!to film transport signal. The cause of the ^ 

; determined to be a jammed camera. The camera was exchanged on Day 25 
■ment camera was cycled and the frames-rem-'ining counter and all ground 
.ndicaced proper operation. The failed camera was evaluated and found 
j .-i,- lan. Alrhnitoh che failure mode was identified. 



12.1,6 Spectrograph and Extreme Ultraviolet Monitor (S082B) 


Experiment S082B*s spectrograph photographs line spectra of small selected 
areas on and off the solar disk and across the limb in two wavelength bands: 

970 to 1970 angstroms or 1940 to 3940 angstroms* The extreme ultraviolet mon- 
itor observes a video image of the full solar disk in Che wavelength band from 
170 to 550 angstroms and identifies solar features of interest. 


The instrument, shown in figure 12^15, consists of two telescopes, a point- 
ing reference system, a spectrograph, a filmstrip camera, a thermal control sys- 
tem, and associated electronics* An off-axis parabolic m:*rror focuses the solar 


Figure 12-15,- Experiment S082B spectrograph and 
extreme ultraviolet monitor. 
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range. The electronics provide control from the control console and from the 
ground t and provide telemetry monitoring. The thermal control system consists 
of an active heating and passive Insulation system for controlling and stabi- 
lizing temperatures. 

The Instrument successfully accomplished mission objectives- Four film 
cacieras were used and 6411 photographs were obtained. The instrument signifi- 
cantly exceeded its designed 56--day oibital life period and remained operable 
throughout the mission. 


Uhen the crew recorded the extreme ultraviolet monitor video for downlink 
transmission, a series of integration times was used. These were standardized 
at 0.5, 1, 2, and 4 seconds. This had the effect of greatly extending the con- 
trast range of the camera- In the short integrations, very few Sun features 
had reached saturation. In the long integrations, most Sun features had reached 
saturation, but some dim features contained detail not yet detected in the 
shorter integrations- Ground analyses used these schemes to extend the extreme 
ultraviolet monitor usefulness. Crew coordination conferences were held using 
the data as a point of reference for solar activity. The combination of these 
techniques steadily increased the usefulness of the monitor during the mission - 
Although the monitor had been of minimum value to the crew during the first 
manned period, it was an important factor in planning the daily solar observa- 
tory data-taking schedule. During the second and third manned periods, the 
monitor was used extensively by the crew. 

The 2 film cameras used during the second manned period caused a loss of 
21 exposures. The first camera stopped transporting 16 frames early when a 
lockout device actuated prematurely. A noisy film transport switch in the 
second film camera produced extra frames- remaining pulses and caused the control 
console fraraes-remaining indication to reach zero, four frames early. Also, the 
second film camera skipped one of the eight exposure positions on a filmstrip, 
accounting for the 21st frame loss. The total frame loss of 21 frames accounted 
for 0.3 percent frame loss for the mission, which was negligible. 

The quality of most of the solar data ootained from the exposed film was 
excellent. The absence of truncated images on the film indicated that optical 
alignment of the slit in the slot baffle and on the film aperture remained cor- 
rect. The focus and efficiency of the Instrument were constant throughout the 
mission. Figure 12-16 illustrates a comparison of emission spectra obtained by 
the camera during the first manned period. The spectra shown represent 12 arc- 
sec from the limb on the solar disk exposed for 1.25 seconds and 4 arc-sec off 
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Figure 12-16.- Comparison of photospheric Fraunhofer and 
chromospheric emission spectra. 
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the disk (f'orok'a) exposed for 2.5 seconds in the 2300- to 2440-angstrom wave- 
length band. Representative photographs of an extreme ultraviolet monitor 
downlink transmission, obtained on Days 27 and 246, are shown in figure 12-17. 
The significant features seen from these photographs include high prominences on 
eacu limb and light areas in the center, where there is extreme ultraviolet 
activity. 


A review of the first manned period 
film data revealed that exposures taken 
with the grating in the long-wavelength 
position were being overexposed when the 
preselected automatic mode exposure times 
were used. Daily flight plans were al- 
tered during the second manned period to 
take fewer long-wavelength exposures and 
to take exposures of very short duration 
in the long-wavelength band. This proce- 
dure obtained more desirable data with 
less expenditure of film, but required 
substitution of manual exposures for the 
automatic mode. An auxiliary timer 
supplied for the third manned period 
provided an automatic mode with shorter 
exposure times, thus decreasing the 
number of manual exposures required. 


Following initial operation, the 
crew reported that the instrument video 
display on the control and display con- 

Figure 12-17.- Experiment S082B sole was very faint. The crew was unable 

extreme ultraviolet monitor to adequately determine solar activity 

downlink photograph. without the use of the video integration 

capability. With integration, the display 
time was too short to allow visual study of details. The insufficient video sig- 
nal level was due to the low sensitivity of the monitor. To correct the problem, 
an image persistence scope, a night vision pocket scope with long persistence 
phosphor, and a Polaroid SX70 camera were included for the last two manned periods 
The image persistence scope retained the 0.03-second flash of the video integrate 
information long enough for the crew to view the Sun and its features. The Pola- 
roid camera was used to record the video images on film, which gave the crew a 
permanent record of the integrated display. This allowed the crew to identify 
major changes In the solar surface. To correct a malfunction of the image per- 
sistence scope, a replacement scope was resupplied for the last numned ner<nd. 
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12.1.7 Hydrogen Alpha 

The hydrogen alpha telescopes provide a diffraction-limited image of the Sun 
in hydrogen alplia light {6562.8 angstroms). The telescopes view the entire solar 
disk or, by using the zoom feature, view specific targe ts-of-opportunity for fur- 
ther study by other solar observatory instruntents. 

The instruments, shown in figure 12-18, consist of two telescopes, a v id icon 
camera on each, a film camera on one, optics, a thermal control system, and asso- 
ciated elactronics. A Cassegrain reflecting system with a parabolic primary and 
hyperbolic secondary collects and focuses the solar energy. Two refractive tele- 
centric corrector elements correct the field off-axis and parallel the primary 
rays again. The heat rejection windows, an ultraviolet reflection filter, and 
an induced transmission filter reflect the visible and infrared energy, A 
solid-spaced Fabry-Perot etalon interference filter isolates the desired spectra 
from the other components. A beam splitter transmits the selected hydrogen al- 
pha line through a fixed relay lens to a film camera, and reflects part of the 
selected hydrogen alpha line through a variable magnification zoom lens to the 
vidicon (beam splitter and film camera only for hydrogen alpha 1). The zoom 
lens assembly relays the Cassegrain image from the primary focal plane to the 
television vidicon focal plane and provides zoom capability by varying the field 
of view between 4.5 and 15.8 arc-min for the hydrogeii alpha 1 telescope and be- 
tween 7 and 35 arc-min for the hydrogen alpha 2 telescope. Movable crosshairs 
provide alignment reference with the other experiments. A vidicon provides tlie 
crew with a display for detecting and pointing at significant features. A 35- 
millimeter sequential film camera provides a permanent record of the pointing as 
well as yielding high quality photographs. The electronics provide control of 
the instrument from the control console and from the ground, and provide telem- 
etry monitoring signals. A passive thermal control system maintains the proper 
temperatures. 

The instruments successfully accomplished mission objectives by providing 
high-quality photographic and video images. Ttie images were used by the crew to 
search the Sun for regions of scientific interest and to detect long term changes 
in solar structural phenomena. Solar observations by both the crew and scientists 
on the ground allowed international coorainatlon of ground-based observations of 
solar events. The hydrogen alpha 1 film camera was operated extensively and ob- 
tained over 68,000 high-resolucion photographs, using 5 film magazines. Each 
vidicon accumulated 1402 hours of operation during the mission. Real-time solar 
detail was displayed to the crew on the two control console video monitors and 
transmitted to the ground. The crew made a significant discovery when they ob- 
served that the hydrogen alpha displays provided a flare precursor. During solar 
observation, it was found that a general reorienting of sunspots, coupled with a 
heightening of activity in the hydrogen alpha wavelength, indicated that a solar 
flare was beginning. 

Evaluation of the flight film indicated excellent optical quality. Figures 
12-19 and 12-20 are examples of the photographs on Day 33 showing the solar disk 
in fine detail. Both vidicon cameras operated normally, displaying real-time 
solar detail to the crew on the control console video monitors, and providing 
downlinked television images for use in solar observation planning. The tele- 
vision Images remained stable except for some degradation evident on hydrogen 
alpha 1 during the last month of the mission. Figures 12-21 and 12-22 are photo- 
graphs of the downlinked television images. 
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Figure 12-18.- Hydrogen alpha telescopes 



Figure 12^19*- Hydrogen alpha photograph of full solar disk. 


On Day 248 the crew reported that the hydrogen alpha 1 film camera was in*- 
operative* Reinitializing the system cleared the problem* On Day 249 the crew 
reported that the frames^remaining counter failed to decrement. The camera ap-- 
peared to be operating, based on shutter telemetry and the crew’s statement that 
the control console camera's operate light was performing properly. A dally com** 
parlson of the onboard frames -remaining Indication and the ground estimate of 
frames remaining indicated that the frames-remalning counter, or the signal from 
the camera electronics to the counter, was operating intermittently. Preliminary 
evaluation of the film showed that operations were normal through approximately 
80 percent of the first magazine used during the third manned period* After that 
time, film advance bec^jie intermittent, causing many overlapped pictures. Ap- 
proximately 50 percent of the film In the second magazine was not exposed, and 
the exposed film contained overlapped images on approximately 20 percent of the 
exposures. The cause of the anomaly has not been determined. 






i:?-20.- Hydrogen alpha solar flare 


12.2 ASTROPHYSICS 


1 recently, progress in astronomy was made by gradual theoretical and 
onal advances, using instruments associated v/ith ground-based optical 
s to measure the size, spatial relationship, energy distribution, and 
ges of visible objects. With the advec. of space flight, unexpected 
■f background illumination have been detected in the ultraviolet range, 
oint sources and a diffuse background of X— ray.' have been discovered. 

■ and infrared radiation have been detected coming from the center of out 
A number of other galaxies have been found to be unexpectedly bright in 
iviolet and infrared ranges. These all suggest unusual processes are 


Skylab provided an opportunity to perform a varl 
ments wltti a much longer observing time than could be 
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rockets, and with more flexibility be- 
cause of a scientist's presence onboard. 
Larger and heavier Instruments were used- 
AcLual samples and film data were re- 
turned, which provided better resolution 
than data obtained from an unmanned satel- 
lite. Some experiments were mounted out- 
side the Saturn Workshop, some inside. 
Others were extended outside the workshop 
and then retracted after gathering data. 
One was fJowi' on tiie launch vehicle that 
carried the second Sky lab crew into Earth 
orbit and required no crew participation. 


Two scientific airlocks were provided 
in the workshop fo; those experiments th^t 
were to be extended outside, one on the +Z 
side and one on the -Z side. Each scien- 
tific airlock provided an approximately 
^ hy 8-incli opening to the space environ^ 

meat, yet maintained the normal shirC- 

Figure 12-21.- Hydrogen alpha 1 sleeve environment for the crewman to re- 
television. main in and operate the experiment (fig. 

12-23). The one on the +Z side c » Id not 
be used by experiments because it was blocked by the parasol thermal shi^ ,J. 

Those experiments that could not be adapted to the other airlock were taken out- 
side the Saturn Workshop during extravehicular activity and deployed. 


One extravehicular activity was 
devoted exclusively to studying the 
Sun and the comet with instruments 
taken outside. Extravehicular activ- 
ity was also used to retrieve the data 
samples from experiments that were 
laurxhed in their deployed configura- 
tion outside the Saturn Workshop, 


Five exDeriments were devoted to 
studying objects beyond our solar sys- 
tem. Four experiments, plus the comet 
investigation, studied the Earth's 
outer atmosphere and the interplanetary 
medium. Four of these collected phys- 
ical particles for return to Earth, 

The astrophysics experiments not only 
obtained quality of data never before 
returned from space, but helped in 
identifying the advantages and dis- 
advantages of man-attended space ob- 
servations and obtained information 
essential for planning future, more advanced instruments 


Figure 12-22.- Hydrogen alpha 2 
television. 


12. 2. J Nuclear Emulsion (S009) 


The nuclear emulsion experiment (S009) records the relative abundance and 
energy spectrum of heavy nuclei cosmic rays outside the Earth's atmosphere. 
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Nuclear eutulsit'n detector package 


The heat damaged detector package was dirficult to in;=tuill anJ subsequently 
J the motor - The mechanical tolerances of the detector package relative to 
xperimeiit housing were too tight , thereby causing additional loads un the 
when opening and closing the package. When the detector package was first 
lied in the S009 housing, the crewman conunejaed tiiat InsLallatlon wa^; dii'fi- 
This diagnosis was confirmed in ground tests in which the conditions were 
eated using a detector package having the same dimensions as tlie fli;;ht 


package. When the crucial areas were machined down and life tests were conducted* 
that package proved capable of running in excess of mission requirements. 

12,2.2 Gegenschein and Zodiacal Light (S073) 

The gegenschein and zodiacal light experiment (S073) measures the briglit- 
ness and polarization of the visible background of the sky above the Earth's 
atmosphere. No hardware was dedicated specifically to this experiment. It 
shared part of the hardware for the contamination measurement experimeni (T027). 
Because both these experiments required knowledge of contamination and zodiacal 
light* the principal investigators collaborated. They combined their observa- 
tions into a joint observing program using the T027 photometer system (12,4*8), 

The measurements for the gegenschein and zodiacal light experiment were 
tiken on the dar*v side of the orbit. The photometer scanned the various regions 
cf the sky in a programed sequence and recorded the light sensor data* Data 
were recorded both by telemetry end 16-mi llimeter photographs. The galactic 
photography taok advantage of the dark night sky available from the Skylab orbit 
to detect the faintest outer limits of galaxies. Ground photography of this 
nature* even from the Mt. Palomar telescope, is limited by the brightness of the 
Earth's atmosphere at night. 

During the first manned period, this experiment was operated on 6 different 
days and gathered data for 14 hours 37 miriutes. During the second manned period* 
an anomaly occurred (12*4,8) that resulted in the photometer's being jettisoned 
overboard after being installed in the scientific airlock the first time for that 
period* 16-mil lime ter data were obtained from that period because the camera 

was also jettisoned, but telemetry data were obtained for approximately 6 hours. 
Later during that period, the crew rigged the hardware of the coronagraph con- 
tamination measurement experiment (T025) aid the 35-millimeter camera from the 
ultraviolet alrglow horizon photography experiment (S063) and took seven exp ores 
of the gegenschein* The success of these photographs led to the use of this 
equipment for similar photography during the third manned period* 

During the third manned period, 96 exposures were made for this experiment 
using the new combination of equipment* Included as targets were zodiacal light, 
gegenschein, lunar libration* galaxies, the ecliptic pole* and Comet K^houtek, 

Returned data consisted of 16- and 35-millimeter photography and telemetry, 
12.2.3 Galactic X-Ray Mapping (S150) 

The galactic X-ray mapping experiment (S150) surveys the sky for faint X-rry 
sources to provide a catalog of those sources that have strengths from 0,2 to 10 
keV. The experiment hardware is mounted in the instrument unit of a S:iturn IB 
launch vehicle (fig- 12-25). It has five major hardware assemblies: the sensor* 
the gas supply system, the mounting and deployment bracket* the distributor, and 
the auxiliary storage and playback unit. Other needs of the experiment* such as 
electric power* are supplied by the instrument unit. 

The sensor assembly uses a continuous- flow-gas proportional counter sub- 
assembly with pulse height analyzers. The output of the proportional counters 
is processed by the sensor's data processing system for Input to the auxiliary 
storage and playback assembly and the instrument unit telemetry system. Two 
star sensors furnish location and orientation Information to supplement that 
provided by the launch vehicle digital computer. Detectors determine the 
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Figure 12-25,— Galactic X— ray raappirig experiment sensor deployed, 

location of X-ray sources to within 20 arc-min. Secause of daylight X-ray 
fluorescence, no data below 0.7 keV are available during the daytime half of 

the orbit. Data are recorded onboard the vehicle and transmitted to Earth bv 
telemetry. ^ 


The X-ray counters of the sensor are pressurized at about 14,5 psia. The 
argon-methane gas is a well-known X-ray counter gas, and it also provides the 
pressure required to keep the thin X-ray incident window properly positioned 
against its aluminum mesh support. This window, associated with the countPr 
assembly, is made of polycarbonate plastic material (Kimfol) which allows 
passage of low energy X-rays. The plastic window is characteristically leakv 
and necessitates the use of a gas resupply system to replace the lost gas and 
maintain constant density in the counters. Collimators are located over the 
plastic window and gas counters - 

The experiment hardware was flown on the launch vehicle that carried the 
second Skylab crew into Earth orbit on Day 76. The experiment began operating 
automatically 12 minutes after command and service module separation. Il was 
planned to operate 265 minutes, almost threj orbits. Because of a failure of 
part of the experiment hardware, however, it operated for only one orbit plus 
11 minutes (103 minutes total). 

The hardware functioned properly until a failure in the plastic window 
caused the pressure around the proportional counters to decay below 12 psia and 
the high voltage supply to turn itself off after 103 minutes of operation. The 
star sensor data and the reconstructed Sun angles from the launch vehicle digital 
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computer indicated the experinent was exposed to direct sunlight. The exposure 
to direct sunlight was a geometrical coincidence. The Sun stayed within the 
fleid of view for 13 minutes, a longer time than could be withstood by the thin 
plastic window. The chance oi: the programed scan path approaching this close to 
the bun (zero degree incident^ is less than 1 in 10 for a random launch time, 

ihe theory which best explains the increase in leakage rate of the plastic 
is that as the Sun moved across the sensor's field of view, specific areas of 
the plast c film mre exposed to more Intense solar radiation than other areas. 

^ deformation of the holes inherent in the porous plastic material, 

rL ««« “inute holes in the plastic. The leakage rate through 

the window was so great that the regulators could not supply enough gas to keep 

required to preclude automatic shutdown 
of the high voltage supply. Before launch, the thin plastic film had ruptured 

vacuum chamber development test. The per fora tea aluminum mesh was Chen 
addea to give the window additional strength. 

Returned data consisted of telemetry from the experiment and from the digital 
computer memory. The latter provided data on attitude and orientation to the Sun. 

12.2.4 Ultraviolet Panorama (S183) 

ultraviolet panorama experiment (S183) photographs the color index of 
bands: two bands approximately 635 angstroms wide, 
cf wavelengths of 1878 and 2970 angstroms, and one band 360 ang- 
stroms wide, centered at 2560 angstroms. ® 

anH equipment consists of two major assemblies: the spectrograph 

carousel. The spectrograph produces the ultraviolet image of the^ 
plane of a film plate and performs the photographing se- 
«t"cuiated ml Scientific airlock and uses the S019 

spectrograph is a wide-fleld-of-view instrument which creates two 

selected star field on a single photographic 
Leond 1 °"^ ® spectral band about 1878 angstroms and the 

to 1260 ^ angstroms. The exposure durations range from 20 seconds 

10 seconds to allow two-bandpass photography of both bright and dim sources 
An operational lo-mlllimeter data acquisition camera, attache? to the spe??w- 
graph, simultaneously photographs the same star field in a 360-angstrom '•and- 
width centered around 2560 angstroms* 

The experiment was operated during all three manned periods. The hardware 
Ssh film were launched aboard the Saturn Workshop. Because of the 

'hioid ure Inside the workshop before deployment of the parasol thermal 

thought that the films were damaged. A new carousel and a new 

wa<i “®6azlnes were available to this crew. The instrument 

evn operated on Day 20 and obtained three exposures. On Dav 21 six 

tllTJr """" scheduled, but only Lo exposures ^re ob! 

tain-d because the carousel jammed. A wal function procedure cleared the system 
and the carousel was stowed for return to Earth. On Day 22, the crL too^ 
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All experiment photographs taken during the second manned period were 
taken with the 16-milllmeter data acquisition camera* Four separate camera 
bodies were used during the period to investigate the degradation causes* Tne 
photographs were still out of focus, which meant the problem had to be on the 
spectrograph side of the mounting interface. 
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Two carousels and one 16-millimeter film magazine were resupplied for the 
third manned period, along with a new mounting fixture and optics for the data 
acquisition camera. The two carousels provided additional film plates for ob- 
taining data on Comet Kohoutek. A total of 43 plates were exposed during this 
period, incli»Jin:t 6 of Comet Kohoutek. Both carousels had various problems with 
Indexing throughout this period. Broken glass from a film plate caused janming 
within one carousel. The data acquisition camera film magazine Jammed on Day 253, 
which resulted in a blown fuse in the spectrograph. Because the fuse was inac- 
cessible, the crewman built a jumper cable to bypass the fuse and restored oper- 
ation. The data acquisition camera was not used thereafter because there was no 
more 16-millimeter film for ultraviolet photography. 

Carousels with 13 exposed plates were return^^d from the first manned period 
and with 43 plates from the third* Magazines containing 15, 12, and 35 exposed 
16-millimeter frames were returned from the first, second, and third manned per- 
iods, respectively. In addition, the ultraviolet stellar astronomy instrument 
provided 29 spectrograph frames of data for this experiment. 

Tlie problems with the carousels, involving janunlng, improper indexing, 
and film plate protrusions, occurred on six separate occasions; once during the 
first manned period and five times during the third. No carousels were used 
during the second manned period. By using malfunction procedures and by con- 
sulting with the experiment representatives, the crew was successful in con- 
ducting oitraviolet panorama experiment operations* 

The complexity of the experiment hardware makes it susceptible to interrupted 
performance. The carousel drive mechanism has a Slip clutch to protect the motor 
If the carousel jams. The slip clutch design permits the carousel film plate 
number indicator to advance, even though the carousel is not moving- This leads 
to improper indexing and the loss of s>Tichronl 2 aCion between the actual film 
plate and the film plate indicator. Because of design, whenever the carousel is 
removed from the spectrograph and is not indexed to its true 01 position, a film 
plate Is pulled partially from the carousel. Failure of the crevnnan to reindex 
the frame indicators to the 01 position when removing or installing the carousel 
on the spectrograph further contributes to the problem of improper indexing. 

The causes of the remaining problems cannot presently be determined. 

12,2.5 Transuranic Cosmic Rays (S228) 

The transuranic cosmic rays experiment (S228) provides the means to obtain 
detailed knowledge of the relative abundances of nuclei with atomic numbers 
greater than 26 in the cosmic radiation, and to observe and identify many trans- 
uranic nuclei. 


The experiment uses plastic detectors mounted in the workshop, where they 
are exposed to cosmic radiation. The cosmic rays penetrate the workshop walls, 
then penetrate the deteevor packages, streaking the plastic sheets within. Some 
of the cosmic rays stop within the detectors, and others pass through them. The 
hardware consists of 2 harness assemblies, each containing 18 detector modules. 
Each detector module contains 32 sheets of 7 by 9 by 0.010 inch thick Lexan 
poly''arbonate wrapped in aluminum foil tape. After being exposed to the cosmic 
rays, Che detector modules are removed from the harness assembly by the crewman, 
stowed In the command module, and returned to Earth for analysis. 




between the floors of the workshop » using Velcro to attach them to the triangular 
grids. The two harness assemblies are located near the workshop outer wall and 
suspended between floors near the wardroom compartment^ as shown in figure 12-27. 

The 36 detector modules « depicted in fig- 
ure 12-28, are exposed to cosmic rays that 
penetrate the walls of the workshop. One 
detector module was returned to Earth on 
Day 135 after having been exposed for 116 
days. Thirty-four detector modules were 
returned to Earth on Day 27 after being 
exposed for 251 days. 
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An additional detector module was 
launched with the third crew. It was de- 
ployed outside Sky lab on Day 193 during an 
extravehicular activity. The module was 
attached to an existing clipboard located 
on a handrail. This module collected data 
on cosmic rays that did not have to pene- 
trate Che workshop wall* The module was 
retrieved on an extravehicular activity on 
Day 266 and was returned to Earth on Day 
271, On Day 267, the remaining detector 
module was moved from the workshop to the 
docking adapter and deployed there. This 
detector module was left behind at the end 
of the third manned pariod and is to be 
retrieved if there is a revisit to Skylab. 


issembly 
Z places 


Deployed coTi*^tguratlQrt 


Figure 12-27.- Trans uranic 
cosmic rays experiment 
deployed configuration* 


The experiment hardware is simple 
and performed as designed. Deploying 
the harness assemblies as well as 
collecting the exposed detector mod- 
ules was an easy task for the crew- 
man. No problems were encountered. 




12.2,6 Magnetospheric Part id 
Composition (S230) 

Figure 1.2-28.- Transuranic cosmic 
The magnetospheric particle com- rays detector module, 
po.fi ti on experiment (S230) provides 

the means to collect and measure the fluxes and composition of ions and trapped 
particles which precipitate from the [nagneLosphere, 


It uses a foil collection technique to capture the particles. Particles im- 
plant themselves in aluminum and platinum foils which arc n>f^*'nted on the outside 
of the workshop and exposed to the radiation environment. The foils are returned 
to Earth and the implanted gases analyzed in a laboratory. 


The equipment consists of collector foils mounted on a flexible backing ma- 
terial. These collectors are mounted in the form of four cuffs on the airlock 
deployment assembly before launch, as shown in figure 12-29* Two inner cuffs arc 
mounted adjacent to each other under the extravehicular activity handrail and the 
outer two are mounted over these. The two outer collectors are 21,5 by 18.5 inch 
and the two inner collectors are 21.25 by 15.25 inches. All collectors consist 
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The new rollector that was Installed was damaged subsequent to retrieval. 

It was tethered inside the airlork, and when repressurization commenced, the 
inru^ihlng air shredded approximately 2 percent of the collector. 

12.2.7 Comet ary Physics 

Comet Kohoutek is named for Dr. Lubos Kohoutek, an astronomer at West 
Germany's Hamburg Observatory who discovered it in March 1973. It is officially 
designated 1973f, the sixth comet discovered in 1973. 

Opportunity tor Comet Observations .- The early discovery of the comet gave 
scientists an unprecedented length of time to prepare for studying it. Most new 
comets give scientists only 1 or 2 month's notice. Realizing the unique oppor- 
tunity to observe a new comet from above the atmosphere, the Sky lab Program 
Director requested the Marshall Space Flight Center and the Johnson Space Center 
to perform a compatibility assessment for conducting a co:jet observation program 
during the third manned period. National Aeronautics and Space Administration 
scientists developed a plan to observe the comet from X-ray through microwave 
frequencies by means of ground observatories, aircraft, balloons, rockets, and 
satellites. The observing program was to use to the fullest extent the instru- 
ments already onboard Skylab and other instruments that could be available in 
time to be carried to Skylab by the third crew, i'kylab capabilities included 
long term viewing, near-perlhellon viewing, immediate human response to sudden 

comet changes, and a wide range of payload instrumentaticn, all above the atmos- 
phere. 

Integra ted Viewing Program .- The comet's position relative to the Sun 
would be constantly changing (fig, 12-30), A viewing program therefore had to 
consider the Skylab instruments' capabilities for observing the comet at dif- 
ferent angles from *-he Sun, at different brightness levels, and with different 
available exposure times. The capability of the vehicle and crew to use those 
instruments in the required time frame had to be considered. 

The program defined four methods of viewing the comet: through the scientific 
airlock, through the various Skylab windows with hand-held cameras, with the solar 
observatory telescopes, and carrying instruments outside during extravehicular 
activity. When the comet was in the direction of the Sun, the solar observatory 
telescopes were Ideal, as they were norrually pointed in that direction. The 
scliMtific airlock that could be used was on the side of the woilshop away from 
the Sun. This required the viewing direction of instruments using it to be 
changed up to 180 degrees, depending on tb<' comet's location. Rolling the 
vehicle 180 degrees would have placed it in an undeslrablr orientation. The 
articulated mirror system from the ultraviolet stellar astronomy experiment was 
used to obtain a 90-degree angle, and then the vehicle maneuvered up to 90 
degrees to view the ccmet. The various windows were used for photographing 
the comet at times of opportunity vrtien the comet could be seen through them 
vlthout maneuvering the vehicle. Viewing during extravehicular activity allowed 
the crewman to have a large field of view and to use the solar arrays or an in- 
strument occulting disk to occult the Sun. 


Hardwar e Selection ,— All Skylab inscruments capable of record- 
ing Images or electromagnetic spectra wore Investigated. The Earth observation 
Inat ruments were immediately eliminated. Tlieir cameras and detectors were too 
limited in resolution and sensitivity for this application. In addition, their 
( location would require an undesirable vehicle orientation for their use. Five 
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Figure 12-30*- Droit of Comet Kohoutek (1973f)» 1973 and 1974. 

instruments were selected to view the comet through the scientific airlock - 
These instruments used the articulated mirror system to avoid extreme orienta- 
tion changes, 

Earl f in the viewing program definition the solar observatory instruments 
were chose.' to view the comet when it was closest to the Sun, Assessment re- 
vealed that using these instruments to view the comet when it was within 10 de- 
grees of the Sun during pre- and post-perihelion would have a negligible effect 
on the Sky lab vehicle's systems. Therefore, near perihelion, when scientific 
interest in the comet was the greatest, the amount of comet viewing with these 
instruments was dictated by crew availability and priority tradeoffs with other 
mission objectives. Six solar observatory instruments were selected to view 
the comet. Instruments from five other experiments already onboard were used, 
and two new experiments, the far ultraviolet electronographic camera experiment 
fR20n And Kohoutek Dhotometrlc photography (S233) , were developed for comet 


Extravehicular activities for comet observations were limited to two 
at pre-perihelion and one at post^perlhelion* There was one instrument oi 
for coronagraph contamination measurements (T025)p designed for detecting 
cles around Sky lab, that could be effectively used. Another instrument, 
ultraviolet electronographlc camera (S201) , specifically carried to Skyla 
comet viewing, could also be carried outside and operated by maneuvering 
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T. instraaients were selected 
to be used during extravehicular activities. selected 

Two Instruments were used for hand-held photography. One onboard Nik«n 
camera was dedicated to Kohoutek photometric photography (experiment S233) and 

“olLZ '“"k '"’“'■’sraphlc «»aaure„en^s ol tL comet •rbrigh^aj ' 

^caslonally, the ultraviolet alrglow horizon photography (S063) instrument 

SndL^aa scientific airlock, was also used through the 

ndow as the comet became a target-of-opportunity. Observations with haL-held 
instruments were constrained to periods when the comet was in the fiald 

SkyUb vehicle. All uindowe In Skylab filtered out the ultraviolet wavelengths. 

manr Experiment Hardware .- The name and number of the exist ine exoeri 

v:"tig“er “ “■* h“sirL-' 

a- Ultraviolet stellar astronomy (S019) 

1. The composition of the comet. 

2. The astrophpical processes which occur in the comet as it in- 
teracts with the solar radiation and solar wind. 

3. The overall temporal evolution of the comet, 
b. Ultraviolet alrglow horizon photography (S063) 

1. The spatial and temporal variation of the selected atomic and 
molecular constituents, 

2. The degree of linear polarization of the co...a and tail, 
c- Gegenschein and zodiacal light (S073) 

Distribution of comet particles* 
d- Ultraviolet panorama (S183) 

Production rates, spatial distribution, ana lifetime of hydroxol 
JonLnt. determine the amount of water, ice, or snow 

e. Coronagraph contamination measurements (T025) 

1. Particulate product.ton rates and spatial distribution. 

f “ distribution of hydroxol. cyanide, carbon, sodium, 
a^onla, and carbon monoxide molecular components of the coma and 

a. White light coronagraph (S052) 

1. Structural density and its evolution over a period of several weeks. 

2. Tall mass changes near oerihelion passage. 
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b, x-ray spectrograph (S054) 

Total mass density of medium weight elements such as carbon » nitro- 
gen, and oxygen along the line of sight. 

c. Ultraviolet scanning polychroma tor spec troheliome ter (S055A) 

Radiance of the hydrogen halo, 
d- X-ray telescope (SC56) 

Sofr X-ray fluorescence of materials. 

e. Extreme ultraviolet spectroheliograph (S082A) 

1. Chemical composition and the ratio of helium to hydrogen. 

2. Effects of solar wind and solar radiation on comets. 

f. Spectrograph and extreme ultraviolet monitor (S08iB) 

Metallic, diatoiiic, and polyetomlc emission lines for unique 
data on chemical composition. 

New Experiment Hardware .- Two new pieces of experiment hardware were 
carried with the third crew to view the comet. Their titles and the physics 
they investigated are: 

a. Far ultraviolet electronographic camera (S201) 

1, Growth and structure of the hydrogen halo with heliocentric dis- 
tance. 

2. The atomic oxygen production rate and distribution. 

The S201 hardware was used both in tne scientific airlock and during 
extravehiculai activity. 

b, Kohoutek photometric photography (5233) 

1. Calibrated photometric data from defocused photographs of star-- 
fields and the comet's coma. 

2. A photographic history of the cornet . 

The experiment hardware was an operational 35-millimeter Nikon camera 
using a 55-millimeter focal length lens. It took pictures through 
three different Sky lab windows, twice each day when po ible. 

Observations through the scientific airlock began on Day 196 and ended on 
Day 264. All observations but one ti.rough this airlock were made with four 
instruments: the ultraviolet stellar astronomy, ultraviolet airglow horizon 

photography, and ultraviolet panorama t rumen ts, and the far ultraviolet 

electronographic camera. On one occasion, the gegenschcin and zodiacal light 
instrument photographed the edge-on view of the comet plane. Only one instrument 
could use the scientific airlock at a given time. 



Because the so)ar observatory instruments were designed to view the Sun, 
they were less sei sitive to light than other instruments. They were therefore 
initially cons trained to be operated between Days 215 and 242, They were actu 
ally operated between Days 220 and 238, 


Extravehicular activities for comet viewing occurred on Days 226 and 230. 
These were 2 days on each side of the minimum elongation angle, not at perihelion, 
which occurred on Day 229. 
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Figure 12-31 shows the different days the various Instruments viewed 
Kohoutek. Returned data consisted of various types of film and film plates, 
television recordings, telemetry, and crew sketches. 
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Figure 12-31.- Kohoutek experiment viewing, 

12.3 MATERIALS SCIENCE AND MANUFACTURING IN SPACE 

Even though gravity and atmosphere are necessary for man’s normal existence 
on Earth, they have kept man from perfecting the end products many manufac- 
turing processes. The special conditions of virtual weightlessness and vacuum 
intrinsic to orbital flight make it possible to perform operations in materials 
processing that would be impossible or prohibitively difficult on Earth. Melting 
and mixing without the contaminating effects of containers, the suppression of 
convection and buoyancy in liquids and mclten material, the control of voids, 
and the ability to use electrostatic and magnetic forces otherwise masked by 
gravity open the way to a new knowledge of material properties and processes, 
and may ultimately lead to the development of valuable new products for use on 
Earth. These potential products include composite structural materials pos- 
sessing highly specialized physical properties; large, nearly perfect crystals 
possessing valuable electrical and optical properties; and new vaccines that 
can not be produced by conventional means. 

Various methods for obtaining low gravity were used as precursors to Skyl^b 
to verify study results and facility designs. These ranged from laboratory tests, 
in which 1 second of low g avlty could be obtained « to aircraft trajeccories and 
sounding rockets, which al forded minutes of low gravity, to the Apollo lunar pro- 
gram, where several days were obtainable. All of these methods have some unde- 
sirable characteristics; nevertheless, they accomplished their purposes. 

The original interest ir manufacturing processes in space concerned the 
properties of welding In zero gravity for the purpose of assembling large struc- 
tures in space, an early concept for the construction and mirtcnance of large 
orbital spacecraft. Electron beam welding In spare was proposed a decade ago 
after a year’s development of this type of welder. was approved for flight 
In 1966. As the interest and emphasis on materials rc^rarch increased, a common 
processing facility was designed to accommodate d*.fxerent types of materials 
processes. 
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Accommodating the materials processing facility aboard Skylab required 
consideration oi the mass and volume of tlie physical unit and working volume 
for the crewman to operate the facility and remove and install the samples. An 
access to space vacuum from the work chamber had to be provided. Any condition 
that miglit cause an artificial gravity or exert a force on the molten metal had 
tc be considered also, and perhaps controlled. Normal electrical support and 
lighting were also required. 

The materials processing la space experiments probed the feasibility of 
several specific processes and acquired data for selecting tiie most promisir 
processes and products for future facilities. First, the facility approach 
as provided was to be evaluated. Second was validation of the electron beam 
as a source for heat and welding on two experiments. Next, the exothermic 
brazing process was Investigated with one experiment containing four samples. 
Eleven separate experiments used a common furnace that mounted inside the work 
chamber where 54 samples involving material phase changes were processed. The 
investigations were concluded by the performance of a set of experiments on 
fla7, .lability. About 40 samples were ignited in thr work chamber and allowed 
either to bum freely or be quenched. Quenching was accomplished by evacuating 
the chamber or spraying water on the sarplr, 

12.3.1 Materials Processing Facility (M'^12) 

The materials processing facility (M512) tests and demonstrates a facility 
approach for future materials process experimentation in space. It also pro- 
vides a basic apparatus and a common Saturn Work Vap interface fer a group of 
metallic and nonmetallic materials experiments. The facility (fig, 12-32) is 
integrated into die docking adapter and consists of a vacuum work chamb-^r with 
associated meclivinlcal and electrical controls. The vacuum chamber i== a 16 *incli 
sphere with a hinged access hatch. It is connected to the space eiivi.rcnment 
by a 4-*nch-diameter , 3-foot- long line containing two manual valves in series. 

The chamber r n tains an electron beam subsyst'im which operates normally at 20 
kilovolts and 80 milli%mDeres. It has focusing and deflection coils that are 
operated from the control panel. Electric power for the electron beam and exo- 
thermic experiments is supplied by a self-contained battery. Other experiments 
performed in the facility obtain their power from the laboratory power system, 

A cylindrical well accomniodates a small electric furnace used in another series 
of experiments. A mounting fixture is incorporated to acconimodate each experi- 
ment module In turn, Tl'e fixture also doubles as a heat sink with a predeter^ 
mined and calibrated thermal impedance. Ports for a floodlight, a Ib-raililL ^ ter 
data acquisition camera, a vacuum cleaner, and a water speay are provided in the 
work chamber. 

The control panel (fig. 12-33) contains the gages to monitor tiie pressure 
In the chamber, the voltage and current of the electron beam gun, and certain 
temperatures. In addition, switches and potentiometers located here operate 
and control the individual experiments except ,:he multipurpose electric furnace 
series. This series was approved late in the program (June 1972), and has its 
own controls. It uses the work chamber only as a locaticn and vacuum source 
for its furnace, ihe facility has elr^-trical, mechanical, and other integration 
inter ^ces with the docking adapter, Jeyond this, it is a self-contained facility 
for the crewmen to use to perform the different materials pT'oeessing experiments. 

The facility was operated during all three manned periods. The metals melt- 
tng, exothermic brazing, and sphere forming experiments were performed during the 
first period; the multipurpose elr^trlc furnace series of exper roents was 
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Figure 12-33 Materials processing in space facility components* 

grav^ity, and tests the possibility of Joining metals by electron beam welding 
in spare . 

Three metal disks (stainless steel* aluminum alloy, and pure tantalum) are 
partially melted by the electron beam* The stainless steel and aluminum samples 
are graduated In thickness from 0.025 to 0.25 inch. The tantalum sample is 
graduated 'n thickness *'rom 0.017 to 0.062 inch. All samples are 6,5 inches in 
diameter, graduated thicknesses accommodate different operational aspects 

of cutting, jompiete peneLration* partial penetration, and dwell. 

The experiment operation requires mounting a sample disk to the drive taut or 
and attaching this assembly to the heat sink inside the work chamber (fig. i2-3‘ ) 
The trotor rotates the disk in front of the electron beam at a linear rate of 35 
in, /min. The beam is initially aligned on a tungsten "target" which is embedded 
ir. tht; sampJe, The disk is then rotated atd the metal melted to some depth, 
depending on the thickness* along the beam's track. The molten metal at the 
center of the track is superheated, ard there is a steep temperature gradient 
from the cei tur to the edge of ti>e multen metal pool. As the disk moves through 
the bean* the melted metal left behind solidifies very rapidly because the rest 
of the plate serves as an effectivr! heat sink. Following this "welding" opera- 
tion* the sample disk is 'Advanced to a prescribed position and the beam allowed 
to impinge on one spot (dwell), without sample rotation, for a predetermined 
period of time langing from 15 to 45 seconds- 
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Figure 12-34." Metals inelting experiment installed in work chamber 


The three samples were processed on Day 30. A.11 hardv*are performed as ex- 

pected. The three samples w*ere returned to Earth along with 200 feet of 16- 
millimeter S0168 color film and the crewman's comments relating to the experiment 
performance- Figure 12-35 is a picture of the aluminum returned sample. 


Exothermic Bracing (M552) .- The exo- 
thermic brazing experiment tests and demon- 
strates a method of brazing components for 
assembly » repair, and maintenance opera- 
tions in space. It further studies surface 
wetting and capillary flow effects in molten 
metals in a weightless environment. 


Four exctharrolc brazing samples are 
used. Each sample is a metaJ tube 0,75 
inch in diameter by 3,69 inches long with 
a 0,049 inch wall thickness. TWo samples 
are stainless steel and two are nickel, A 
slit is cut around the perimeter of the 
tube, leaving enough of the perimeter un- 
cut to provide support to the Cube on each 
side of the slit. The slit simulates two 
separate tubes butted together. Surrounding 


Figure 12-35,- Metals melrlng 
experiment recurred sample. 
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Exothermic brazing experiment proce.ssing 
cliamher Installed in work eliambev. 


Eigiare I 


(Ine of the samples was completed on Day 33 and the remaining three on Day 34 
All hardware perfi>nned as expeitcd, AH four ol tlie samples weie re. irneJ to 
Kartli along with comneiits from the crewmen performing t!ie expei iments. Figure 
12-37 is a pluuograpii of one of the renirned samples, 


Tlie sphe*e forming experiment demonsi rates the 
and space vacuum on the following processes: suhcooT ing 


zero 
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of pure nickel prior co solidification, uhidi is not possible to achieve on Earth; 
solidification of a nickel-tin alloy having a wide freezing range; solidification 
of a nickel-silver alloy having a narrow melting range which "cores" on solidifi- 
cation; and solidification of a nickel-copper alley having a wide melting range 
but essentially no difference in density between the twu 'Elements* 



Figure 12-37*- Exothermic brazing experiment returned sample. 


The samples are processed using the electron beam for the melting heat 
source. They are arranged on a wheel which rotates the samples through the 
path of the beam. Two separate wheels are used. Each wheel is of a pinwheeJ 
design with 15 “spokes" or positions for samples. The first position contains 
a tungsten target used for aligning the electron beam gun. The next three posi- 
tions f-ontain small cylindrical samples attached to the wheel by metal rods. 

These samples remain mounted after resol id Iflcat Ion until they are cut from the 
wheel. The remaining 11 positions contain samples, each mounted to a ceramic 
post by a small metal rod called a "sting". The sting Is retracted from the 
molten sample by a spring, allowing the sample to resolidify in a free floating 
state. Also, the sting retraction automatically removes power from the electron 
beam gun* The experiment operation involves mounting a specimen wheel to the 
Indexing motor and then mounting this assembly in the work chamber (fig- 12-38). 

The motor indexes each -sample on the specimen wheel through the electron beam# 

The melting and resolidification is observed by the crewman and photographed by 
a x6-millimeter camera. The 1) floating samples are collected in a container 
using the vacuum cleaner. '/J 

Processing of samples on the first specimen wheel was begun on Day 31. The 
cr^nnan reported difficulty in aligning the electron beam on the target, and the 
pressure level in the 'hamber degradec while the electron beam gun was operating. 

On the fourth sample, the gun automatically turned off after 1 second of the 
normal 5-second melt tiine. When the pressure level approached 1 x 10”^ torr, 
the gun was turned off and the experiment delayed until the pressure decreased 
to 1 X 10^5 torr* On )^ay 32, the first specimen wheel was completed and the 
second started. The crewman reported that some samples on the first wheel hid 
not completely melted when the gun turned off. 

The crewnan reported on Day 33 that he was having problems with the opera- 
tion of the experiment. At times the electron beam gun could not turned off 
except by opening the battery main circuit breaker- In addition, tliere was 
occasionally a blue glow In the work chamber. After consultation, it was de- 
cided to terminate operation of the experiment after the next normal turnoff 
of the electron beam gun. Seven of the 14 samples were completed before ex- 
periment termination. 
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Figure 12“38,* Sphere forming experiment installed in work chamber 


The decision to terminaLe the experiment early was based on the limited 
time remaining to perform the exothermic brazing experiment, and the increased 
crew time being required to perform the sphere forming experiment, Outgassing 
of the samples duij^ng the electron beam gun operation caused the pressure in 
the chamber to increase. The increased pressure was caus.^ng a high tolcage dis- 
charge in the chamber, which accounts for the blue glow the crewman witnessed. 
The cause of alignment problems on the first specimen is unknown. For some 
reason the 16-mllliioeter film coverage for that specimen diJ not start until 
the third sample. The film for the secon^! specimen .vhows an excellent alignment 
of the gun and the target. The gun turned off after i second on the fourth 
sample of specimen wheel 1 because the electron beam struck the ceramic post 
and prob.?bly melted the sting. The films taken during that operation verify 
that the beam struck the pelt, and melting the sting will turn the gun off. 
Although the crewman reported that some of the samples on specimen wheel 1 did 
not melt completely before the gun turned off, preliminary analysis indicates 
that all sauries on that wheel were sufficiently melted for complete scientific 
evaluation. 


All samples on specimen wheel I were suff icie.itl/ melted and all 14 samples 
and the wheel were returned for evaluation. Seven of the 14 samples on specimen 
wheel 2 were successfully melted, and these samples, plus specimen wheel 2 with 
its remaining samples, were returned for evaluation. Approximately 200 feet of 
16-mllliineter type S0168 color film of the experiment operations was also re- 
turned along with the c^^ew observations recorded during the performance. Figure 
12-39 is a pftotograph of the returned specimen wheel 2. 






1 


i 



12-46 


Figure 12-39.- Sphere forming experlinent returned sample. 


12.3*2 Multipurpose Electric Furnace (M518) 


Experiment M518 is a multipurpose electric furaace syst*>r,i in which experi- 
ments jn solidification, crystal growth, and other processes that Involve ma* 
terial phase changes can be performed. The system consists of three main parts; 
the furnace, designed to interface with the M512 mater ials processing facility; 
a programable electronic temperature controller vnich controls the temperature 
levels in the furnace; and experiment s^art ridges which contain the sample ma- 
terials. The fi;rn,>oe has three specimen cavities sc that three material samples 
cart be processed it a time. The furnace is constructed to provide three dif- 
ferent temperatur#" zones along the length of each sample cavity, as follows: 

a* A cons tanL-tempera tore hot zone at the end of the sample cavity where 
temperatures up to 1000*C can be reached. 

b. A gradient zone next to the hot zone where temperature gradients rang- 
ing from 20 to 200 ‘'C per centimeter can be established in the samples. 




c. A cool zone in which heat conducted along the samples is rejected by 
radiation to a conducting path that carries the heat out of the system. 

Each sample of material is enclosed in a cartridge that further controls 
the actual temperature distribution applied to the sample. Eleven different 
processes are performed in the furnace. Each process has three sample nai- 
tridges, which are proces-wd at the same time. The temperature controller pro- 
vides active control of the furnace temperature. The crewman sets it at the 
temperature specified for processing the samples. Two Liming circuits in the 
controller enable the crewman to program the soak time spent at the set tempera- 
ture and the cocliag rate of the furnace at the end of the soak period. Active 
temperature control continues during programed cooling. Once the cartridges are 
installed in the furnace and the system is activated by the crewman, ‘he system 
operates automatically except when the complete system is shut down. The ma- 
terial cartridges are returned to Earth for examination. The furnace, tempera 
ture controller, and sample cartridges are shown in figures 12-33 and 12-AO. 



The furnace has its own electrical and instrumentation and coanrini cat ions 
Interfaces with the docking adapter. The electrical interface provides 28 +2, 
vdc for heating control. The instrumentation and communications Interface proc 
esses the two furnace temperature measurements. The temperature measurements 
are telemetered to Earth in real time or recorded for subseauent transmission. 



The furnace was operareJ durititi tlie second and tliird manned periods. Eleven 
processes {33 cartridges) were performed during the second period md 7 processes 
(21 cartridges) during the third. The furnace facility was first set up on 
Day II? The setup of the facility required transferring tiie experiment samples 
from their c^owat^e location in the workshop, instalJing tlie furnace in tlie fa- 
cility, preparing the facility for the experiments using it, and installing the 
temperature control panel, A thin film of thermal grease was applier^ between the 
furnace and the heat sink where it was installed inside the materials processing 
in spac. facility- Figure 12“41 shows the furnace installed in the facility. 


Multipurpose electric fu 
mounted in work clKimber. 


When Uie furnace facility was set up ami ready to operate, tlie three s;implo 
cartridges wort- inserted in ttie t iinujce ports and a vacuum was initiated- The 
crewman tliet. turned on the electric performed a test ot all indicator 

lights, and st- 1 tlie -'xperimtiit soak ti rature, soak period, cooldown rate, and 
proper lieaters on tlie control juuu l . v. .en tlie proper [>ressure iiad been obtained 
in tile iac-lity work chamber (5 x MP* lore max imun) , Ute ex[>erimeni was swutehed 
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on at the control par el. The control panel caused the electric furnace to heat 
to the preset temperature and maintain this soak temperature for the preset 
amount of time. The cuntrol panel then caused the furnace to cool down at the 
rate which was predetermined for the experiment operation. The experiment was 
completely automatic from the time it was initiated with the start switch 
through cooldown. 


TaMe 12- II I.- Multlourpose When the furnace had cooled down, 

Electric Furnace Operations the work chamber was repressurize 1 and 


Experiment 

Day comnenced 

Day conctuded 

H557 

118 and 222 

119 and 224 

Nsez 

120 and 237 

121 and 238 

H566 

12) and 236 

U2 and 237 


122 

T23 

H&59 

123 

125 

HS63 

12S and 231 

126 and 232 j 

HSfT 

126 and 229 

127 and 230 

HS60 

127 and 227 

128 and 228 

HS6S 

128 

129 

M5S8 

129 

130 

H5Se 

130 and 238 

132 and 240 


the completed samples were removed. A 
new set of samples was Installed and the 
procedure repeated. Table 12-III is a 
listing of when each experiment was per- 
formed . Table 12- IV lists the performance 
parameters of soak temperature, soak time, 
and cooldown rate for each process per- 
formed* The following experiments were 
performed in the multipurpose electric 
furnace. 

Vapor Growth of IV-Vl Compounds 
(M556) This experiment determiras the 
degree of improvement that can be obtained 


in the perfection and chemical homogeneity of crystals grown by chemical \apor 


transport under weightless conditions. Mixed crystals of compound semiconductor 


gerjianium selenlde and germanium telluride were grown by chemical transport through 
a temperature gradient tn a transport agent, iodine vapor, from pulycrystalline 
sources of ttie two component materials. The growth process was carried out in 
sealed quartz ampoules contained in thr sample cartridges. 


Table 12- IV,- Experiment Performance Parameters 


Experiment 

number 

Manned 

period 

Soak temperature, 

Soak time, hours 

Cooldown rate, 
^C/min ! 

M556 

Second 

S81 

33.2 

Passive ! 

M556 

Third 

460 

33.1 

Passive 

M557 

Second 

724 

4.1 

Passive 

MSS7 

Thi rd 

726 

4.0 

Passive 

H558 

Second 

796 

0.9 

Passive 

M559 

Second 

1(312 

2.3 

0.6 

M560 

Second 

657 

1,0 

0.6 

M560 

Third 

1 650 

1 .1 

0,6 

M561 

Second 

1007 

3.7 

Passive 

HS61 

Thi rd 

991 

1 .0 

0.6 

H562 

Secon 1 

792 

0.9 

1 .2 

M562 

Thi rd^ 

803, 6G5 

U 1 

1 ,2, Passive 

Mb63 

3ec^ n j 

976 

16.3 

0.6 

m3 

Third 

1011 

16.3 

0.6 

K564 

Second 

926 

l.O 

0.6 

M565 

Second 

1036 

1.0 

Passive 

H566 1 

Second 

849 

1,0 

2.4 

H566 

Third 

1 865 

— 

IJ 

2.4 


Imniscible Alloy Compositions (H557) .- Thl i experiment determines the ef- 
fects of near-zero gravity un the processing of neterlal compositions which normally 
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segregate on Earth, The experiment used three ampoules whic^i contained sample 
materials as follows: 

a. Ampoule A * Isothermal solidification of a 45^45-10 percent by weight 
lead-zinc-antimony ternary couple which exhibits both liquid and solid state 
imraiscibility, 

b. Ampoule B - Isothermal solidification of a 76,8-23.2 percent by weiglit 
go Id- germanium binary couple which exhibits essentially complete im"'iscibility 
in the solid state, 

c. Ampoule C - Directional solidification of a 70-15-15 percent by weight 
lead-indium-t in ternary couple which exhibits limited solubility in the solid 
state. 

Each of the three ampoules was indi^ridually packaged, ampoules A and B in stain- 
less steel and ampoule C in quartz tubing. Each cartridge contained one of each 
type of ampoule. 

Radioactive Tracer Diffusion (M558) .- This experiment measures self-dif- 
fusion and impurity diffusion effects in liquid metals in rpace flight and 
cliaracterizes the disturbing effects, if any, causid by spacecraft acceleration. 
Three rods of zinc metal were prepared with a sec Lion of radioactive zinc (Zn-65^ 
plated to one end of each of two rods and in the ipidsection of the third rod. 

The zinc rods, which were encased in tantalum and sealed in cartridges, were 
melted and held at a constant temperature while the radioactive atoms diffused 
into the liquid metals, and were then allowed to solidify. 

Microsegregation in Germanium (M559) .- This experiment determines the de- 
gree of microsegregation of doping impurities in germanium caused by convection- 
loss directional solidification under conditions of weight lessr ess. It further 
determines if the low-gravity euvironment materially influences the homogeaeity 
of the impurity distribution. Single-crystal rods of germanium doped with anti- 
mony (an electron donor, N-type), gallium, and boron (electron acceptors, P-type) 
were placed in cartridges and positioned so that one end of each rod extended into 
the furnace hot zone. When the furnace was heated, only the part of each rod that 
was within the liot zone was melted, leaving a solid part to serve as a seed for 
regrowth of the crystal when the melt '^osolidified. The rods were directionally 
solidified at the slowest available cooling rate to promote formation of single 
crystals, 

Grow'th of Spherical Crystals (H560) This experiment grows doped indium 
*intimonide crystals of high chemical homogeneity and structural perfection for 
a study of their resulting physical properties in comparison wltli tlieoretical 
values ^or ideal crystals. Prepared samples of indium— ant imonide, encased in 
cartridges, were melted to produce suspended drops of molten material attached to 
solid seed crystals. The drops were solidified by removing heat through the seed 
crystals while heat losses from the surfaces of the liquid drops were compensated. 
The crystalline material in contact with the seed grew inside the drop and the 
liquid on the drop surface was the last to solidify* This eliminated tp hanical 
strain caused by a volume change from freezing, 

Whi sker-Reinforced i mposltes (M561) This experiment produces void-free 
samples of silver, reii. forced with oriented silicon carbide w*hiskers. Sintered 
rods of sliver containing distributions of unidlrectionally-or lented silicon 
carbide whiskers (1 micron diameter by 1 millimeter long) were melted in the 
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furnace. Pressure from a piston, actuated by a spring, «^as used to force voids 
from the melt -md to promote wetting of the whiskers by the matrix material. 

indium ^.itimonide Crystals (M5621.- This experiment produces doped semi- 
conductor“c“ystals of high chemical homogeneity and structural perfection for 
evaluaticn of the influence of weightlessness in obtaining these properties. 

High quality single crystals of indium antimonide were prepared in the labora- 
tory, doped with tellurium, precision machined and etched to fit into neavy- 
wall quartz ampoules, and sealed. The ampoules were then enclosed in the metal 
caitridges. Half of each crystal (about 3 inches in length) was melted in the 
furnace and regrown at a rate of 0.5 in. /hr using the unmelted half as a seed. 

Two procedures were added for the repeat performance during the third manned 
uerlod. First, the work chamber was physicaily hit approximately 2 lours 
the start of controlled cooldown. This provided a known time disturbance dur- 
inc the resolidification process to assist in the ground analysis of the crystals. 
Approximately 1 hour later, the temperature controller was reconfigured to pro 
vide a second soak period (at approvimately 650 “C) for 1 hoar and then the cooi- 
down reinitiated. 

Mixed III-V Crystal Growth (M563) .- This experiment determines how weight- 
lessness affects dlre“ctional solidification of binary semiconductor alloys. If 
single crystals are obtained, it will detennine how their semiconducting proper- 
ties depend on alloy composition. Alloys of indium antimonide and gallium an- 
timonide in varying proportions were placed in separate fused silica ampoules. 

The ampoules were encased in the cartridges, melted in the furnace, and direc- 
tionally solidified at the slowest available rate. 

Halide Eutectics (M564).- This experiment produces controlled structures 
in samples of fiberlixe sodium fluoride-sodium chloride eutectic, and measures 
their physical properties. Three ingots of the eutectic, approximately 0.5 
inch in diameter and 4 inches long, were grown by melting the alloys and then 
cooling them directionally at the slowest available rate. 

Sil ver Grids Melted In Space (M565) ■- This experiment d-^-rmines h.w pore 
sizes and pore shapes change in porous structures when they -tea and re- 
solidified in space. The samples consisted of three amt-ou iccle A con- 

tained eight silver disks, 14 millimeters in diameter end G '■ imet^^r thick. 
Each disk had one or more holes of vario s shapes and sizes. -_.poul' jas the 
same as ampoule A except that the thickness of the disks was U.o tn- ’ ' 

Ampoule C contained a single sample of silver fibers 0.4 milllm . ilameter 

and 10 to 15 millimeters long. The rlbers were compressed ano . -o form 

a prism 40 by 14 by 4 millimeters with a porosity of 30 percent -u amrou^'^ 

was then encased in a cartridge for sample melting in the furnace and resolioi- 

ficatlon, 

Aluminum-Copper Eutectic (M566).- Tliis experiment determines the effects of 
weigh -lessness on the solidification of lamellar structure In a eutectic alloy 
when directionally solidified. Three alum .rum- copper alloy rods 0.25 inch in 
diameter were used. One rod was installed in each furnace cartridge, partially 
melted, and directionally solidified. During the third maimed period perform- 
ance approximately the first hour of controlled cooldown was accomplished while 
Skylab was in the Z local vertical attitude. This was done to determine If 
differences exist in resolldlfication patterns between the Z local vertical ^d 
solar Inertial attitudes. In the first, the sample remains at the same a^Litud 
all around the Earth, whereas in the second, there is a small cyclical varia.ion 

in the altitude of the sample. 
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The multipurpose electrie furnace hardware performed well and no mal- 
functions were encountered. There was a problem however, in the potentiometer 
that controls the soak temperature. It was disc -vered when the first three 
samples were processed that the actual temperature was 10 to l5“C lower than It 
s.iou’d have been. A correction factor for the potentiometer used for the re- 
mainder of the samples brought the temperature more in line with expectations. 

It was discovered that the furnace is very sensitive to variations in die vvrk- 
shop voltage levels. During the second manned periods the voltage averaged 
28.6 to 28.7 vdc and some heat-up times were as much, as an hour less than ex- 
pected. During the third manned period, the voltage averaged 28.4 to 28.6 vdc 
and the heat-up times were somewhat longer. All systems supporting the ex- 
periment furnace functioned a" ' p^f-ted. 

All samples processed in the furr^. e were returned to Earth. Preliminary 
analysis indicates that re-sult^ obtained from some of the processes are far 
superior to the results that can be obtained on Earth. 

12.3.3 Zero Gravity i^lammabiltty (M479) 

The zero gravity flammabil/ry ex-i.-riment (M479) was the igniting of various 
materials in the atmosphere to observe the extent of surface propagation flash- 
over to adjacent materials; the rates of surface and bulk flame propagation under 
zero convection; and the extinguishment by vacuum, water spray, and self-extin- 
guishment. 

Six different substances were used f ' r sample materials: aJuminized Mylar 
film, polyurethane foam, nylon sheet, neoprene-coated nylon fabric, bleached 
cellulose paper, .nd Teflon fabric. Thirty-seven separate samples were used. 

Each sample was supported by a metallic frame and ignited by an electrically 
heated filament. A flammability specimen holder was the mechanical and elec- 
trical interface between the flammability sample and the zero-gravity connector 
in the work chamber. Figure 12-42 shows the sample holder with a sample in- 
s._alled. The holder positioned the specimen in the approximate center of the 
chamber, in view of the 16-millimeter data acquisition camera. Figure 12-43 
shows sample 7 prepared for stowage in the workshop. 

In a typical sample operation the sample was installed on the sample holder, 
and this assembly was then installed onto the zero-gravi y connector In the work 
chamber. The sample ideutificction number was recorded on film by activation of 
the sample identification switch on the control panel. Ignition of the sample 
occurred when the data start switch was activated, and the camera automatically 
ran for a time period preset on the control panel. 

The sample was extinguished by one of three methods: self-extinguisiiment , 

or the sample burning out by itself; vacuum quench, or opening of the vent line 
to space Vacuum; or water quench, with 2 ounces of water sprayed on tlie sample. 

Samples 1 through 12 consisted of two samples of each .naterial that were 
extinguished using the self- extinguishment method. Samples 13 through 18 con- 
sisted of one sample of each material that tested the vacuum method of extin- 
guishment. Samples 19 through 24 tested the water q icli method. Samples 25 
through 30 were partially supported on the frame and the paths a/d ates of float 
were observed as the specimens burned away. Samples 31 through . nested flas]i- 
over between two strip.'" of material that were separated by gaps oi various 
dimensions . 


$ 





Samp ft Ahd iyrilter 
Sample Mlder 
f^(jsh-py*i mef-tor 


Typical sample for the rero gravity flammability 
experiment installed in the work, chamber. 


Zero gravity flammability experlmenL 
sample 7 stowed configuration. 
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The experiment was performed using samples 1 througlt 18 on Day 267, 19 V 

through 30 on Day 26d, and 31 through 37 on Day 270. The experiment equipment * 

worked normally; however, the materials processing in space facility water 
quench system did not function as expected. By using the hand pump on the 

facility acciunulator , w.ie crewman was able to provide sufficient water to obtain , 

water quench data on at least two of the samples. There was not time to perform 
a malfunction isolation of the water problem. It was subsequently concluded 
that the water source tank in the workshop was not pressurized sufficiently. 

There were no procedural requirements for the crewman performing the experiment 
to pressurize or verify pressure in the tank. The remaining interfacing and 
supporting systems functioned properly. 

Four r.! s of 16-millimeter film data and the remains of four samples were 
reL? T-ned for analysis. In addition, crew comments on the experiment performance / 

an* television coverage of three samples were recorded and returned. 

i: A ENGINEERING AND TECHNOLOGY 

The engineering and technology experiments were selected to provide data 
necessary for the development of future manned space stations. The results 
provide a better understanding of how man performs in space, what tools he needs 
to accomplish his tasks, and what his influence is on the space environment. 

Quantitative information from some of the experiments on the space environment's 
effects on materials and functions also supported the analyses of the Skylab 
systems and other experiments. 

This group of experiments can be classified into three general categories: 
zero gravity studies, thermal control coatings, and contamination. The zero 

gravity studies include the habitabilit'^ of crew quarters, manual navigation i 

sightings, crew vehicle disturbances , and foot-controlled maneuvering unit ex- 
periments. They are particularly oriented toward the interaction of man with 
a zero gravity environment. Their scope ranges from the crewmen's preferences 
in the arrangements of habitable areas to testing their proficiency in making 
space navigation measurements after being weightless for an extended period. 

They also include the measuring of forces that man exerts on the spacecraft ; 

while he moves around inside and the testing of an astronaut maneuvering unit. ^ 

The two thermal control coatings experiments require very little participaticn 

by the crewman. The first begins collecting data 36 hours prior to launch * 

through several minutes of Earth orbit and requires no crew participation. The 
other one starts when the payload shroud is jettisoned; different samples are - 

retrieved at three different times during the mission during extravehicular 
activity. The inflight aerosol analysis and contamination measurements experi- 
ments are devoted to obtaining data on co.;tamination type particles. One is 
concerned with collecting aerosol particles within the habitable area of the 
laboratory and returning them to Earth. These particles are of interest because 

they relate to the crewmen's well-being. The other measures the magnitude of ] 

the contamination within the induced atmosphere surrounding Skylab. Outciue 
contamination is of interest because it can cause degradation of optical sur- 
faces and solar energy converters. 

One experiment, the proton spectrometer is mounted outside the laboratory 
and does not fall in either of the categories listed. The proton spectrometer 
maps the high radiation areas that Skylab passes through. The instrument's 
operation is automatic and requires no crew participation. 
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strips are 1.27 centimeters wide and 24 strips are 0.64 centimeter wide. All 
panels are square plates, about 17 centimeters on a side and 0.6 centimeter 
thick. Each has a flexible handle to prevent contamination of the samples while 
handling. The panels are attached with snap fasteners and pip pins to the air- 
lock truss assembly outside the workshop. They are protected by the shrord 
during launch, and are not affected by the launch environment. Two containeis 
are provided for return of the samples. The containers are stowed adjacent to 
the panels, thereby allowing the panels to be sealed in the containers in the 
space vacuum* The hermetically sealed container maintains a vacuum for the 
samples until they reach the laboratory, where they are placed in a vactum 
chamber. Tests are performed on the returned samples and the results are com- 
pared with the results obtained from the ground control group samples. 

The sanq>les were exposed to the space environment when the shroud -ras jet- 
tisoned from the Saturn Workshop. They were retrieved by the crewman during 
extravehicular activities on Days 37 and 132. These samples were returned to 
Earth in the command module and delivered to the scientists within 4 da/s of 
splashdown from each manned period. Because of contamination found on ihese 
samples, one new panel of each sample and a return container were launched and 
deployed during the third manned period. The new panels were deployed during 
extravehicular activities on Day 193 and retrieved on Day 266. These samples 
were therefore not exposed to control rocket exhausts during docking, undocking, 
and flyaround maneuvers by the command and service module. When the container 
with the new samples was returned to the scientists it was found that atmospheric 
pressure existed inside the container, not space vacuum as intended. 

The hardware functioned properly under normal conditions. However, the 
crewman experienced difficulty in deploying the resupplied sample panels. The 
hardware design had not provided for installation in orbit by a suited crewman; 
nevertheless. Installation was successful. The crewman failed to close the lid 
on tba return container after stowing it adjacent to the newly deployed panels, 
and the open lid allowed solar radiation to impinge on the container seals for 
73 days. When the container was returned to the laboratory, it had not main- 
tained the space vacuum as intended. The crewman reported that some of the 
thermal control sample disks from the second manned period appeared to be coming 
debonded. This condition was not evident when the samples were returned to the 
scientists back on Earth. 

One thermal control sample panel and one polymeric film strip panel inside 
the return container were returned from each manned period. All returned hard- 
ware showed evidence of a yellowish-brown contamination that apparently related 
to exposure time and sunlight. Effects of ^his contamination obi^cured the deg- 
radation of the samples expected because of solar radiation. It also obscured 
any atmospheric recombination which could have affected the last samples because 
of the loss of vacuum on return. The source of this contamination is now under 
investigation. 

12.4.2 Thermal Control Coatings, Instrument Unit (M415) 

The thermal control coatings experiment (M415) that is launched on the in- 
strument unit determines the degradation effects of prelaunch, launch, and space 
^ environments on the thermal absorption and emission characteristics of various 

X ^ coatings conanonly used for passive thermal control. The hardware consists of two 

identical panels as shown in figure 12-45. The coating samples are thermally 
isolated from surrounding structures, and each row is protected by a removable 
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Exposure 

sewence 

I 36 hours prior to launch 

II Just prior to retro firing 

III Just prior to LES tower 
jettison 

IV 40 minutes after spacecraft 
separation (56 minutes 
after launch) 


Haterlal sample 

A. S*13g, z1nc*ox1de plgawnt In 
methyl silicone binder, rough 
surface 

B. Z-93, zinc-oxide pigment In 
potassium silicate binder, 
medium rough surface 

C. HXH, HSFC composite of synthetic 
mica, potassium silicate, and 
zinc-oxide 

0. BC, black control, Cat-A-Lac 
black, medium rough surface 


i 


t 

4 




Figure 12-45.- Instrument unit thermal control coatings 
experiment specimen panels. 

cover. The panels are mounted 51 degrees apart on the instrument unit of a 
Saturn IB launch vehicle. This location allows a retrorocket to iiq>lnge on 
one panel. The instrument unit provides attitude control of the stage and of 
the experiment. It maintains the X axis 2 ilong the flight vector perpendicular 
to the local vertical and rolls so that at local noon the sunline passes midway 
between the two sensor panels, illuminating them equally. This experiment does 
■ not permit detailed spectral reflection measurements; the thermal properties are 

measured by temperature sensors. The data are telemetered to the ground when 
the spent stage is in contact with selected ground stations. Telemetry data 
> . begin at lauiich and are required for 5.75 hours. The experiment was flown on 

I the vehicle that carried the first crew into Earth orbit. It performed satis- 

factorily and as predicted. The six protective covers remaining after launch 






vere deployed at the scheduled times In accordance with the flight plan. This 
was confirmed by telemetry records of the cover release event signals and the 
corresponding step change in the relevant specimen temperatures. All tempera- 
ture sensors worked properly and u& ble data were obtained from each of them. 

The instrument unit interfaces supported the expei.iaent in a normal manner, and 
the attit ie control system positioned the spent stage so the panels were 
properly aligned with the Sun. 

Returned data consisted entirely of telemetry. The experiment data included 
event signals and temperature measurements. Event signals verified the deploy- 
ment of tie covers. These properly coincided with the programed event sequence. 
Temperatures of the 12 specimens in each panel (and the panels themselves) were 
monitored over selected ground stations at the rate of 12 samples per second. 
Equilibrium temperatures were reached on the daylight portion of two orbits. 

This condition provided all the necessary information for calculating the 
absori ":ivity/emissivity ratio for all specimens, from which their surface con- 
dition.; could then be determined. 

12.4.3 Habitability of Crew Quarters (M487) 

The habitability of crew quarters experiment (M487) evaluates the features 
that make St^ylab livable. Habitability features such as architecture, environ- 
mental elements, and communications techniques affect everyday spacecraft activi- 
ties and crew performances. Such items as food, water, garments, and personal 
hygiene facilities are minimum requirements for living in space. Throughout the 
manned periods of Skylab, the crewmen were asked to evaluate their performances 
of activities and the adequacy of their habitation. To aid the crewmen in their 
evaluation, the following portable measuring Instruments are provided: 

a. Velometer - Measures velocity of air movement in the workshop. 

b. Measuring tape - Measures distances to evaluate pertinent sizes and 
locations. 

c. Sound level meter - Measures sound pressure levels in the workshop. 

d. Frequency analyzer - Analyzes the sound spectrum in the workshop. 

e. Ambient thermometers - Measures ambient air temperatures j.a the workshop. 

f. Digital thermometers - Measures temperatures of walls, solids, and sur- 
faces in the workshop. 

g. Force gage - Measures forces required to open or close lockers, drawers, 
and panels. 

The crewmen's tasks and activities associated with the habitability evalua- 
tion were arranged and categorized into functional objectives. These items were 
scheduled into the dally flight plans at moments of opportunity and other times 
when activities to be photographed were being performed. The crew documented 
with photography and tape-recorded comments theix evaluation of the habitability 
features of the Saturn Workshop. They also obtained film sequences of selected 
activities which demonstrated their adaptation to zero gravity. The crew com- 
pleted 97 percent of the functional objectives during the first manned period 
and 100 percent in the last two periods. They reported no problems relative to 
the use of checklists and procedures. The portable measuring instruments func- 
tioned normally. In fact, the crew used the force gage to calibrate and evaluate 
the hardware of two other experiments. Tape-recorded comments of the crewmen's 
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12.4.4 Manual Navigation Sightings (T»02) 
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period. Sightings were taken through the wardroom window. The collapsible 
hood was arranged over the window to block out the internal lights. Sightings 
were taken by one crewman during each period. 

The experiment was performed fewer times than planned because of limited 
crew time. Most sighting periods required 10 to 15 minutes, except for the 
operational sightings, which required an hour or more. High quality orbital 
navigation sightings could not oe performed as planned because the Earth horizon 
was too diffuse to sight on. This characteristic and the length of time re- 
quired for combined operational sightings caused the operational sightings to be 
cancelled for the third period. The last two sessions of midcourse sightings 
during the third period provided the best data from that period. Previous 
sightings during that period had violated the checklist statement which required 
removal of the transparent protective shield from the window. Voice recordings 
of the experiment data were made by the crewmen and transmitted to Earth. 

AJ-though the night Earth’s horizon is too diffuo^ and nonuniform to use as 
a target for high quality orbital sightings, the data obtained indicated that a 
safe reentry could be made. Sightings taken through the wardroom window pro- 
tective shield resulted in biases and deviations, thereby affirming the need for 
high quality optical windows. The window hood was reported to be effective and 
necessary in reducing reflected glare, but was somewhat awkward to handle. Both 
crews reported that the instrument adjustment knobs could be bumped or jarred, 
causing the measurement indication to shift. This could be minimized by re- 
design or new approaches. Also, both crews reported difficulty in locating a 
specific star in the field of view. A variable field of view could solve this 
difficulty. A variable field of vi€.w is an advantage because a wide field makes 
star identification easier and a narrow field improves precision. 

While the voice recording technique for recording data measurements was 
accurate, operational applications could use direct wiring to a computer. One 
crewman suggested a digital time display in the field of view to be frozen at 
the instant of measurement. Also suggested was a modification to include the 
data display in the instrument’s field of view to avoid readaptation of the 
operator’s vision for subsequent sightings and readings. 

All data from the experiment were contained in voice recordings. The re- 
cordings included data from 57 performances of the experiment. The data verify 
that man’s proficiency in operating the instruments is maintained after 69 days 
in orbit. 


12.4.5 Inflight Aerosol Avalysls (T003) 

The inflight aerosol analysis experiment (T003) measures the aerosol par- 
ticulate matter concentration and distribution in the habitable areas of Skylab 
during each manned period. The experiment detects, measures, and collects for 
return to Earth samples of the airborne particles within Skylab at certain times 
and locations. The instrumenc is a multichannel, battery-operated particle 
counter capable of sorting aerosol particles larger than 1 micron into size 
groups: 1 to 3, 3 to 9, and 9 to 100 microns (fig. 12-48). Each group is 
totaled and displayed on the instrument at 8-second intervals. The collection 
system allows the particles to be returned for post flight analysis, including 
analysis of shapes and compositions. Measurements are made at assigned loca- 
tions within Skylab. Each location is assigne I its separate section of the 
instrument filter. This permits collected particles to be traced to the location 
where they are collected. The filters have eight .^electable sections. 
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Figure 12-48.- Inflight aeropol analysis experinifen*- 
particle collector. 


The experiment was operated during all manned periods at the designated lo- 
cations. The crew tasks associated with operating the equipment and the locations 
were arranged and categorized into functional objectives These objectives were 
scheduled into the daily flight plan. The crewman would operate the equipment and 
record the results on the experiment log card. The equipment was operated on 153 
of the 172 days that Sky lab was manned, for a total of 390 times. The experiment 
equipment performed well. The crewmen’s comments pertinent to the operation, 
perfcrmacce, and handling of the hardware were consistently favorable. At the 
conclusion of each manned period, the used filter and the log cards were returned 
to Earth. Three filters and 25 log cards were returned. 

12.4.6 Crew Vehicle Disturbances (T013) 


The crew vehicle disturbances experiment (T013) measures the torques, forces, 
and vehicle motions produced by the crewman’s body movement and determines the 
effects of these items on the attitude and control of the vehicle. 


The hardware consists oc devices to measure the body motions of a crewman and 
the forces he applies to the workshop while making these motions. It consists of 
three systems: a limb motion sensing system, a force measuring system, and a data 

system. Onboard motion pictures, using the 16-millimeter data acquisition camera, 
are obcained concurrently with the experiment operation. The limb motion sensing 
system (fig. 12-49) is a skeletal structure incorporated into a suit, with pivots 
at the major body joints. Each pivot is monitored by a linear potentiometer which 
provides a continuous measurement of body limb position. The force measuring sys- 
tem consists of two force measuring units attached to the walls of the workshop 
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(fig. 12-50) that ate used to measure the 
forces and nw 'ints applied to the workshop 
structure during the movements of the crew- 
man. The data system converts the analog 
signals to d^gltal data and routes them to 
the laboratory data system. The data are 
then telemetered to the ground with real- 
time data from the attitude and pointing 
control system. 

The experiment was performed during 
the second manned period, ihe performance 
required three separate tasks i 

a. Task 1, "Gross Body Motions": 

While Che crewman was restrained to force 
measuring unit 1 he made right and left arm 
and leg motions, torso motions, breathing 
motions, and sneezing and coughing f.imula- 
Clons. 

b. Task 2, "Simulated Console Opera- 
tions": The crewman simulated the opera- 

ting and rotating of switches on a control 
panel while restrained to force measuring 
unit 1. 

c. Task 3, "Worst Case Inputs": One 

crewman performed rapid movements with arms 
and legs, and soared between the force 
measuring units. Another crewman then 
joined the first in performing soaring 
maneuvers In unison. The second crewman 
soared between the food locker and film 
vaul t . 

The experiment was performed on Day 95 , 
Contact with a tracking station was required 
so that the photographs of crew motion c uld 
be correlated with the real-time stability 
data from the attitude and pointing control 
System. T!-.a sequence began with task 3, 
while Sky lab was over the Vanguard tracking 
station, and continued with tasks 1 and 2 
in turn. ITie Casks were repeated in the 
same sequence until each had been perfori;ied 
twice. The crew did not successfully 
operate the data acquisition camera during 
the first task 3 sequence. Because of this, a subsequent rerun of task 3 was ap- 
proved. Meanwhile, telemetry records from the task 3 performance indicated that 
something had happened to load cells 4 and 5 of force measuring unit 2. Approxi- 
mately 9 minutes after the experiment was begun, the output from these two load 
cells was off scale on the high side and remained there permanently. The crew 
formed a malfunction procedure on Day 107, and it was concluded that the oa ce s 
could not be repaired. Each force measuring unit contains six load celis. Even 
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12.4.7 Foot Controlled Maneuvering Unit (T020) 

li.ed^re™:; L^1^:e;L^XLTih"fch“"r -- 

crewman is secured on a sunoort Qft^ ^ controlled by the crei 
devices. His locomotion irprovide^hv" contains propuls: 
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U 4 Uciarupie tnruscer assembly wtiere the thrust originates. Movement of 
the foot controls the firing of the thruster. The backpack contains the battery 
Md the propellant supply subsystem. The electric power and propellant gas are 
fed from the backpack to the support structure through umbilicals. The harness 
assembly restrains the crewman to the support structure. Both the battery and 
propellant supply are rechargeable. 

The foot controlled mane uve ring unit was operated inside the workshop on 
Days 93, 108, and 123 during the second manned period and on Days 247 and 256 
during the third manned period. The operation on Day 123 was the only one with 
the crewman wearing a pressure suit; other operations were performed with the 
crewman wearing normal clothing. A motion picture camera mounted on the support 
structure used a split ima'je mirror system to provide location data on the experi 
ment. A second camera mounted in the dome of the workshop provided an overview 
of the entire operation. 


The first time the maneuvering unit was operated » the crewman reported diffi 
culties with the restraint harness loosening so that it did not hold the crewman 
securely to the unit. The difficulty was not severe enough to terminate the ex- 
periment, and the prescribed maneuvers were satisfactorily completed. During 
consultations between the crew and experiment representatives, a modified re- 
straining harness was riggeo by the crew using onboard straps. The modified 
harness showed such Improvement that a modification kit containing additional 
straps and brackets was sent up and installed during the third manned period. 
During the suited run the Cv had difficulties in keeping his feet in the 

foot restraints and in being a>le to see in the direction of his feet. Evalua- 
tlon of the returned photographs verified that these difficulties were caused by 
Improper harness adjustment which resulted in the crewman leaning back further 
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During the second manned period ttie crewman reported that tlie control input 
forces seemed excessive. He noted that the forces were much higher than those 
used during normal day-to-day translations within the workshop. During the third 
manned period the crewman considered the input forces satisfactory and within the 
range expected. He did have minor difficulty in commanding the left toe-up in- 
puts and attributed this to a coordination problem, unique to himself, and accen- 
tuated by muscle tone changes after 70 days of space flight. The crewman operat- 
ing the experiment and the crewman observing the experiment made voice recordings 
about the experiment performance, and these were returned as part of the experi- 
ment data. Approximately 965 feet of 16-millimeter color film and 15 still 
photographs were obtained. In addition, onboard television recordings of selected 
operations were made. 


12,4,8 Contamination Measurement (T027) 

The contamination measurement experiment (T027) measures the contaminants of 
tne environment surrounding Skylab. Two instruments are used: a sample array that 
collects contaminant deposits on various samples, and a photometer that measures 
the sunlight reflected from particles surrounding Skylab. The photometer was 
shared with the gegenscheln and zodiacal light experiment, S073 (12.2.2). The 
photometer system and the sample array are individual, independent instruments. 
Both items are extended through tne scientific airlock for operation; each has' 
its own extension me chartism. The photometer s stem has a universal extension 
mechanism which is also used to extend the particle collection experiment (S149) 
and a television camera outside tno workshop. This extension mechanism uses a 
tripod that fastens to the floor of the workshop. The tripod was used for deploy- 
ment of the parasol thermal shield, and the backup tripod that was sent with the 
first, crew was used for the experiment. 

dapple Array .- This instrument uses quartz crystal microbalance asst 
and optical property samples of various windows, mirrors, and diffraction 
ings. The insfii'""''t exposes the samples for controlled periods of time L ,e 
space environment aurrounding Skylab. Two quartz crystal microbalances and ;48 
samples of 16 different types are exposed. The instrument is shown in figure 

• Motor driven, automatically sequenced carousels are located beneath the 
upper and lower face plates, doles in the face plates allow sequential exposure 
of the samples mounced on the carousels. A valve cover plate over the holes in 
the forward face plate seals the array when it is retracted. At the end of the 
exposure period, the sample array is retracted and sealed in space vacuum for 
return to Earth for analysis and study. Telemetry data are obtained fr^m the 
microbalance while it is exposed. 


The instrument was deployed on Day 35 and was retracted 46.5 hours later 
during the first manned period. It was scheduled to be deployed through the +Z 
scientific airlock, but was resch.eduled for the -Z scientific" air] ock after the 
first was blocked by the parasol thermal shield. The changing of scientific 
airlocks meant there would be no telemetry from the experiment and temperatures 
experienced would be approximately i00“tJ colder. The array was deployed even 
under these conditions because it was estimated that 80 percent of the objectives 
could be attained even if telemetry data from the microbalances were unavailable 
and if both carousels cold— seized. Wlien the instrument was remi.v>-d from the 
scientific airlock, a crewman noticed that the upper carousel valve was not seated. 
The cold Instrument frosted over in the workshop atmosphere. When the unit warmed 
up, the crewman was able to seat the valve fully. 


/ 




T Von , 

Figure 12-52.- Sample array extended. 

Tl.e sample array was operated under abnormal conditions. The change in scien- 
tific airlocks affected the experiment severely. The -62.2‘’C temperatures experi- 
enced was much colder tliar ttie 55‘’C temperature the instrument was designed for. 

Tlie minimum qualification tempereture was -IS^C. Without telemetry, nc data were 
obtained from the quartz crystal microbalance assemblies. In addition, there 
could be no verification that the carousels were indexing at the prescribed times. 
The sample array was supposed to be deployed on Day '4 and to be exposed for 120 
hours; it was deployed on Day and was exposed for 46,5 hours. The later de- 
ployment and shorter exposure times resulted in operation while outgaasing rates 
and deposition levels were lower. The cold temperature caused the valve in the 
forward faceplate to cold -seize and remain open until it thawed out in the work- 
shop. This allowed the workshop atmosphere to enter the sa.mple areas .ind violate 
the requirement for space vacuum sealing. 

The instrument was returned for analysis of the samples. Preliminary analysis 
Indicates the daily carousel did not index and th'; hourly carousel either did not 
index or had completely indexed (the initial and final positioning of the Vourly 
carousel are the same). Contamination analysis of the samples did not reveal con- 
clusively whether they were exposed or not. Arrangeiuents have been made foe the 
principal investigator to obtain portions of the returned thermal control coatings 
(D024), paitlcle collection fSU9), .md magnetospherlc partlcJ.e composition (S230) 
experiments as substitutes for the data he lost on his experiment. 
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new scanning program wjs implemented. The pliotometer system was installed and 
first used on Day 29. It had a minimum scheduling requirement of nine gratis. 

It made II scans in 6 aoys and gathered pliotographic and telemetry data for 
approximately 15 hours. The 11 scans were not performed exactly as called for 
in the requirements because the Moon and planet locations were different from 
those planned for and because priorities were re’ ised as the mission progressed. 

The universal extension mechanism was used to expose the particle collection 
experiment (S149) from Days 38 to 80. The photometer was again installed and 
deployed on Day 80. A minimum ot . scans were required for this second manned 
period. The next day, a malfunction made it impossible to retract the photometer, 
so the photometer and extension mechanism had to be jettisoned overboard. No 
16-millimeter photographs were obtained during this period because the camera, 

♦*oo, was jettisoned. Approximately 6 hours of telemetry data was obtained, how- 
ever, before the photometer was jettisoned. Later during this period, the crew 
rigged the coronagraph contamination measurements hardware and the ultraviolet 
airglow horizon photograpliy camera and took seven exposures. These pictures were 
so successful that this combination was used for the third manned period, on a low 
priority basi<^ During the tlurd manned period, 17 night passes were required to 
obtain 85 pliotographs. The 17 night passes produced 96 photographs, a gain of 11 
photographs. On^ 140-foot magazine of 16-millimeter film, telemetry, and 103 
35-millimeter photographs were returned for those experiments that used the pho- 
tometer system. 

The inability ot the photometer to retract was classified as an anomaly. 

The photometer head could not be changed from the shaft position of 354.4 degrees 
on Day 81. The photometer must be in a shaft position of either 45, 135, 225, or 
315 degrees for it to be retracted into the workshop. Two days were spent 
trouble-shooting and performing malfunction procedures, in an effort to retract 
the photometer. All procedures were unsuccessful, and the photometer and universal 
extension mechanism were jettisoned overboard on Day 83. Jettisoning was neces- 
sary to clear the scientific airlock so it could be used by other experiments. 

The remaining canister assembly was stowed. 

The malfunction was caused by the failure of a circuit element which kept a 
relay from operating. Circuit analysis of the motor drive logic circuit, snaft 
drive relay circuit, and input elements showed that the design was adequate and 
that no weak elements existed. The circuit element that failed had a rather long 
failure transient time of 6 hours. During this period, the failed element was 
overloading the 5-volt power supply and causing the 5- and 29.5-volt power supply 
to drop out when the low regulation limit o/ 4.6 volts was exceeded. After the 
transient period, the shaft motor drive circuit v;as completely open. The failure 
of the clement can be classified as random in nature. Tae specific element that 
failed is not known, but its location is believed to be either in the common panel 
or in the relay and driver assembly. The units that contained the suspected failed 
element remained onboard Skylab. 

The loss of the photometer system and universal extension mechanism hampered 
rhe performance of three experiments. The contamination me urements (T027) and 
gegensdiein and zodiacal light (8073) used the photometer system to measure con- 
tamination and zodiacal light. The particle collection experiment (S149) used 
the universal extension mechanism, which was also lost. The use of coronagraph 
contamination measurements (T025) and ultraviolet airglow horizon photography 
(S063) hardware to gather data tor the contamination measurements (T027) and 
gegenschein and zodiacal light (S073) experiments minimized the loss to the latter 
experiments. In addition, the particle collection (S149) hardware was depJoyed 
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outside the workshop by the crew during extravehicular activity for A7 days of 
exposure. 


12.4.9 Proton Spectrometer 

The proton spectrometer obtains the data necessary for mapping such radia- 
tion areas as the South Atlantic Anomaly and the portions of the Northern and 
Southern horns that Skylab passes over. The proton spectrometer consists of a 
detector head assembly and an electronics subsystem (fig. 12-54). It is in- 
stalled on a truss at the forward end of the docking adapter. The Instrument 



measures and classifies electrons from 1.2 to 10 MeV and protons from 18.5 to 
400 MeV. The detector head is a directional device composed of four detectors. 
Tliree detectors (Dl, D2, and D3) are used to detect the presence and energy of 
the particles. A fourth detector (D4) surrounds these detectors and is used as 
an anticoincidence detector to create a 45-degree acceptance cone and to measure 
the total flux of the radiation field (fig. 12-55). The electronics subsystem 
processes the data from the detectors and presents them to the laboratory data 
\ system. Tlie processing determines if the particle entered the instrument through 

the 45-degree acceptance cone and if it is an electron or a proton. It then de- 
termines the particle's energy and adds it to the appropriate counter. The in- 
strument has 12 digital channels and 4 analog measurements. The data are 
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transmitted to the ground station directly or recorded onboard for subsequent 

transmission, thus enabling reconstruction 
of an entire orbit. Real-time monitoring 
of the data is limited to tb.e tour analog 
measurements. 


Two constraints are imposed on the 
proton spectrometer. A temperature con- 
straint specifies that power shall be 
applied to the instrument anytime the 
instrument's temperature approaches -25®C. 

A corona constraint specifies that the 
instrument shall be turned off during 
command and service module reaction control 
system thruster operations, including dock- 
ing and undocking. 

The proton spectrometer was exposed to the space environment when the shroud 
was jettisoned. The instrument was turned on by ground command approximately 12 
hours after launch. Activation was supposed to occur approximately 4 hours after 
launch, but this was delayed to conserve power. 

The first data from the proton spectrometer were received approximately 5 
hours after it was turned on. The peaking of the total flux measurement detector 
was monitored in real time. Tlie first digital data were received approximately 
23 hours after spectrometer activation. These iata and those from subsequent 
passes which were going into or coming out of the Northern Horn Belt showed that 
two electron channels and all proton channels were not operating properly. Sub- 
sequent investigation found that this indication was caused by a temperature- 
induced failure. The instrument was cycled off and on throughout the mission in 
an effort to restore proper operation, but without success. It was operated 
throughout the Skylab mission even though some of the data were degraded. The 
data were telemetered throughout the mission and stockpiled for subsequent 
analysis. The constraint to turn power off during reaction control system 
thruster operations was cancelled on Day 38. Because the instrument was experi- 
encing colder temperatures than expected (-32®C instead of -iO®C), there was more 
concern about the cold temperature's further damaging the instrument if it were 
turned off than there was about corona if the instrument were left on during 
thruster operation. 

A temperature-induced failure in the Instrument caused the outputs of all 8 
proton channels and 2 of the 3 electron channels lo be degraded; thus 10 of the 12 
digital channels did not provide data as expected. It has subsequently been de- 
termined tha a design error was made in the emissivity value of the thermal shroud 
of the instrument. The value of 0.05 was used in the thermal model rather than the 
correct value of 0.88. The first data received from these channels revealed that 
the problem existed, so the exact time of occurrence is tr Inoiai. The temperature 
of the instrument was -25^C %/hen it was turned on 8 hours ater than planned, and 
the temperature constraint would have been violated had tho Inst lament not been 
turned on at that time. The data from the remaining channels are good. From 
these it will be possible to measure the total flux levels and dosage levels 
encountered. Different methods for processing the degraded data from the affected 
channels are being explored in an effort to obtain the most Information possible. 
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Figure 12-55.- Detector 

orientation. 
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12.5 STUDENT INVESTIGATIONS 

The Sky lab Student Project was designed to Involve in the space program 
young people who possess an interest in science and technology and to foster this 
ln':erest through direct participation in the Skylab program. 

To implement the Skylab Student Project, the National Science Teachers 
/i.'.sociation was requested to sponsor, organize, and administer a national compe- 
' Ltion for high school students. Twelve geographic regions were designated, each 
•.1th a regional chairman appointed to receive all proposals for his region. The 
regional chairman in turn appointed a committee to evaluate each proposal. A 
total of 3409 proposals were submitted by students; however, because of team 
proposals, more than 4000 students participated in proposal submittals. Three 
htindred proposals were selected from the li' geographic regions. From these 300 
r -gional winners, 25 national winners were selected. The 25 winning students were 
e '.ch assigned a science advisor to aid with the preparation and evaluation of his 
( .perlment in terms of compatibility with, and constraints of, the Skylab program. 

At a preliminary design review in May 1972, a review board determined that 19 
of the 25 proposed experiments could be flown. Of these, 11 required hardware 
development and 8 used the hardware and data of other experiments. The remaining 
6 of the 25 selected experiments were incompatible for flight on Skylab, but were 
recognized as possessing considerable merit. Arrangements were made for these 
:six students to be associated with scientists in alternate, corollary research 
programs to keep them involved in space science activities. Four of these six 
are discussed at the end of this section. The other two, culloidial state 'ED/1) 
and powder flow (ED73) , are not included since the assigned alternate activities 
were not related to Skylab. 

Experiments were Implemented by associating the student investigator with a 
Skylab principal investigator who then supported the student investigator's re- 
quirements. Experiment hardware was developed at Marshall Space Flight Center. 
During the mission, the student Investigators were actively involved in following 
the conduct of their experiments or related experiments. After the mission, it 
is the responsibility of the student investigator to submit a formal report of 
his experiment covering both ground-based and in-orbit operations. The report 
must also reflect an independent analysis by the student of all experiment data 
derived from the performance of his experiment. 

12 5.1 Atmospheric Attenuation of Radiant Energy (EDll) 

llte a. -lospherlc attenuation of radiant energy experiment (EDll) determines 
the attc.>uatlon of energy in the visible and near-infrared spectral regions through 
the F rth's atmosphere at various locations and under varying atmospheric condi- 
tio >. The attenuation is determined for sclar radiation and for energy reflected 
f im the Earth's surface. 

Data obtaireu hy three Instruments used for the Earth observations and data 
obtained at selected Earth surface sites are used in the investigation. The infra- 
red spectrometer (S191) , obtains data in the 0.4 to 2.4 micron spectral band, with 
concurrent synoptic photographic data being acquired by the multispectral photo- 
graph Ic facility (S190A), and the Earth terrain camera (S190B) . The photographic 
d.'ta are further supplemented by tracking photography from the onboard Earth ob- 
servation viewfinder-tracker, which provides a plotting base for the Infrared 
spectrometer data. Ground data Include direct, total, and diffuse solar radiation 
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measurements obtained with pyroheliometers and pyronometers. Reflected radiation 

Figure 12-56 shows the pointing range of 
the infrared spectrometer relative to the 
ground target site* Ground target sites 
are located at the Houston^ Texas , and 
White Sands, New Mexico, areas and at the 
Four Corners area (junction of Colorado, 
Utali, Arizona, and New Mexico). Experi- 
inent objectives are satisfied through 
analysis of the same data obtained by 
Earth observation experiments. 

During the first manned period, passes 
were made on Day 23 over the Houston area 
and on Day 32 over the White Sands area. 

In the Houston pass, extensive cloud cover 
precluded sensor operation, but on the 
White Sands pass, a aole in the cloud 
cover was found and it is assumed that some 
data were obtained. During the second 
manned period, data were not obtained during several attempts over assigned sites 
because of a westward shift in the ground track. On Day 116, usable data through 
unpolluted and polluted atmospheres were obtained at Phoenix, Arizona, a previ- 
ously unassigned task site. During the third manned period, passes were made over 
the Houston area on Day 202 and over the White Sands area on \iys 206 and 207. 

Data obtained included Earth observation experiment photogaphs recorded at 
684 samples per second to a 10-bit quantization. These data were reduced and 
provided to the student investigator in a tabular presentation of radiation in- 
tensity versus wavelength. The ground site data acquired were also provided. 

12.5.2 Volcanic Study (ED12) 

The volcanic study experiment (ED12) examines the feasibility of predicting 
volcanic activity through remote thermal infrared sensing. Active volcanoes are 
monitored from Sky lab using the infrared spectrometer (S191), the multispectral 
scanner (S192), the multispectral photographic facility (S190A), and the Earth 
terrain camera (S19CB). Emitted thermal radiance is monitored in the 6.2 to 15.5 
micron region by the infrared spectrometer. The multispectral scanner senses 
therual infrared energy in the 10.2 to 12.5 micron region. The cameras provide 
high quality multispectral synoptic photography in 70-millimeter format. The in- 
vestigation usos duplicates of Earth observation data except that the infrared 
spectrometer obtains data specifically for the volcano study while in the crew 
tracking mode. The sites selected are in Nicaragua at Concepcion, Masaya, Cerro 
Negro, and Telica. 

The experiment was performed during all manned periods. On Day 32, a pass 
was made over the Nicaraguan volcanic region, but cloud cover was too heavy to 
permit satisfactory viewing* Several subsequent attempts were hampered either by 
cloud cover or by the crew’s difficulty in identifying the volcanoes. On Day 130, 
the crew reported that Mt. Etna, in Sicily, was smoking. On Day 131, a satis- 
factory data pass was made over Mt. Etna. Additional passes were made over the 


is measured with similar instruments. 
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Figure 12-56.- Infrared 
spectrometer pointing range. 


Nicaraguan volcanic region on Days 206 and 235. The returned data consisted of 
photographs and recorded binary digital data having 10-blt quantization at 684 
samples per second and other binary digital data having 8~blt quantization at 
1240 and 2480 samples per scan. The photographic data were provided to the 
student Investigator In a format and scale suitable for use In plotting thermal 
contours. The thermal Infrared data were provided In a form that could be 
superimposed on the photographic data. Correlative ground data, where available, 
were also provided. 


12.5.3 Libration Clouds (ED21) 

The libration clouds experiment (ED21) studies the lunar libration cloud 
regions at the Lagranglan points L4 and L5. Figure 12-57 shows the Earth-Moon 
gravity force contour pattern and the location of the libration cloud regions and 
the zero force fields. The white light coronagraph (S052) Is used to observe and 




lagranglan points 

Figure 12-57.- Gravity contours and Lagranglan points. 


record the existence of dust cloud accumulation in lunar libration regions and 
the variation In size or brightness as a function of orbital position. The re- 
quirements of the libration clouds experiment are met with duplicates of data 
produced by the white light coronagraph experiment. During orbits where the 
libration cloud regions are within the field of view, additional white light 
coronagraph data are obtained as solar conditions and film supply permit. 


Film data of the L5 Lagranglan point were obtained during the first manned 
period. Similar photographs were obtained during the second unmanned period on 
Days 52 and 53. No observations were made during the second manned period except 
for an unattended filming of the L4 point on Day 77. During the third manned 
period, observations were made of the L4 point on Day 219, and a partial observa- 
tion was made on Day 251. Returned data consisted of white light coronagraph 
photographs of the observed lunar libration points. 
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12.5.4 Objects Within Mercury's Orbit (ED22) 

This experiment observes for possible bodies in orbit between Mercury and 
the Sun. Figure 12-58 shows the postulated solar orbit of an intra-Mercury- 
orbit body and the regions where Skylab observations are made that will satisfy 
the experiment. The white light coronagrapl ^S052) provides the required ob- 
servational capability, and synoptic photographic data obtained without modifi- 
cation to hardware or procedures are duplicated for this student investigation. 



Synoptic observations of the Sun were planned to occur throughout the entire 
mission on a daily basis. During the first manned period, 31 observations were 
performed. Several days were lost while a failed photographic camera was being 
replaced. During the second unmanned period and second manned periods, all 
planned observations were carried out, and 9737 frames of film were acquired. 
During the third manned period, synoptic observations of the Sun were performed 
on an average of 4 times a day, and 12,547 frames of film were acquired. It is 
not yet known how many of the exposed film frames contain observations of the 
desired orbital region. Very few opportunities for synoptic photography were 
missed. 


12.5.5 Quasars (ED23) 

The quasar experiment (ED23) obtains spectra of selected quasars and Seyfert 
galaxies in the ultraviolet spectral region. The ultraviolet stellar astronomy 
instrument (S019) is used to perform the investigation. The instrument’s prism 
and widening mechanism are not used. Figure 12-59 shows the instrument installed 
in the scientific airlock. One dark side pass of 32 minutes duration while the 
Mo‘^ii is at less than half phase is performed. Saturn Workshop venting and atti- 
tude maneuvers are constrained before and during performance of this experiment. 

A list of possible targets, including pointing and priority information, is pro- 
vided to the crew. Three 30- or 90-second exposures of each tcrget are required. 
One exposure is focused on the target, one exposure is offset 1 degree in tilt, 
and one exposure is offset 1 degree in rotation. 

During the first manned period, on Day 28, the data pass for this experiment 
was performed when the Moon was nearly full. Photographs of Quasar 3C273 and 
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Seyfcrt galaxy NGC7469 were taken, and 
acquisition of Seyfert galaxy NGC5548 was 
attempted. During the second manned period, 
a photograph of the M7 cluster was made for 
calibration purposes, and attempts were 
made to photograph two Seyfert galaxies, 
NGC1068 and NGC1275, Pointing was in error, 
however, by 3 degrees. Further performance 
was scheduled for the third manned period, 
but considerable demand on the ultraviolet 
stellar astronomy instrument for the sup- 
port of other corollary experiments pre- 
cluded its further use for the quasar ex~ 
periment. The returned data were the 
photographs obtained. Some useful data 
are expected from the pass during the first 
manned period despite violation of the 
Moon phase constraint. No data were ob- 
tained from the other attempts. 

12.5.6 X-Ray Stellar Classes (ED24) 

The X-ray stellar classes experrmewt: (ED24) determines the location of stel- 
lar sources and the relationship between the age of a star, the spectral class, 
and the intensity of emitted X-rays. The investigation uses duplications of data 
from the X-ray spectrograph experiment (S054) . The X-ray spectrograph film camera 
provides the required photographic data of SCO X-1 or alternate stellar X-ray 
sources. During the third manned period, three attempts were made to acquire 
stellar X-ray data. However, the X-ray spectrograph instrument, which was de- 
signed for solar observation, was not sensitive enough to detect stelj^ar X-rays. 

The returned data consisted of photographs and supportive instrument pointing 
data. Since stellar X-ray data were not acquired, solar X-ray photographs were 
provided. The student investigator will participate in a problem of data analysis 
and interpretation of solar X-ray data. 

12.5.7 X-Rays Froui Jupiter (ED25) 

The X-rays from Jupiter experiment (ED25) obtains X-ray emission data from 
the planet Jupiter and investigates for correlation of X-ray emission with solar 
activity and Jovian decametric radio emission. Additionally, X-ray emission data 
are sought from a neutron star possibly present in the Cygnus Loop. The investi- 
gation uses data acquired by the X-ray spectrograph (S054) . Jovian observations 
are scheduled as dictated by solar flares and related geomagnetic activity. In 
the absence of a large solar flare, observations are conducted any time Jupiter 
is observable. If data from Jupiter are not obtained, stellar X-rays from the 
vCygnus Loop are observed. It is mandatory that at least one reference star be 
accessible to the star tracker during the experiment maneuver period to provide 
the required pointing accuracy. 

The experiment was performed during the third manned period. It became evi- 
dent that the instrument was not sensitive enough to record the relatively slight 
intensity of Jovian X-rays. Operational constraints developed that precluded 
observation of the Cygnus Loop. No data were returned on either of the selected 
targets. The student Investigator will be permitted to carry through a study 
program on solar X-ray phenomena. 


Ultfjvtoli't QuAUr 



Figure 12-59.- Ultraviolet 
stellar astronomy instrument 
mounted in scientific airlock. 
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12.5.8 Ultraviolet From Pulsars (ED26) 

The ultraviolet from pulsars experiment (ED26) investigates pulsar spectra 
in the ultraviolet region. The ultraviolet stellar astronomy Instrument (S019) 
is used to perform the investigation during a dark side pass of 32 minutes dura- 
tion, while the Moon is in the dark phase. The Instrument's prism and widening 
mechanism are not used. Saturn Workshop venting or attitude maneuvers are avoided 
before and during performance. A list of possible targets, and pointing and pri- 
ority information, are provided to the crew. Three 30- or 90-second exposures of 
each photographed target are required. One exposure is focused on the center of 
the target and the others are offset. 

Because of improved prime target availability, the experiment was performed 
during the second Instead of the first manned period. On Day 96, an ultraviolet 
stellar astronomy pass was dedicated to this experiment. The targets photographed 
were Scorplus, HZ Hercules, and Cygnus X-1 X-ray stars, and one as yet unnamed 
radio star. The corresponding ultraviolet stellar astronomy experiment star field 
designators for these targets are ED261, ED26A, ED2611, and ED2615. The returned 
data consisted of the photographs of the experiment target star fields. Corollary 
pointing data were provided. 


12.5.9 Bacteria and Spores (ED31) 

The bacteria and spores experiment (ED31) determines the effects of the 
Skylab environment, particularly weightlessness, on the survival, growth rates, 
and mutations of bacteria and spores. The experiment equipment comprises 15 
Petri dishes containing growth media and a 16th Petri dish containing five strains 
of living bacterial forms. A container pressurized at 5 psla holds a sterile 
plastic bag to contain the Petri dishes and a sterile forceps. Additional equip- 
ment Includes a 35-mlllimeter still camera and film, an incubator, and a food 
chiller. 

Nine inoculated Petri dishes are Incubated for 48 hours at 35 ®C. Six inocu- 
lated Petri dishes are exposed to the Saturn Workshop ambient temperature for 48 
hours. Performance was scheduled for the last 7 days of the manned period. A 
still photograph of each dish is obtained from each of five photographic sessions. 
After the final session, the dishes are stowed in the food chiller at 5 +3®C, 
using a medical support system resupply container. The experiment is performed 
on the medical support system worktable in the workshop. Each Petri dish of agar 
is ln^lanted with an inoculum disk, using the sterile forceps. The transparent 
cover of each dish is Installed for the remainder of the experiment. The required 
photographic sessions are conducted at approximately equal intervals. At the con- 
clusion, the dishes are stewed to await transfer and return on the command and 
service module. 

The experiment was started on Day 21, during the first manned period, and 
completed on Day 24. The crew reported a slow microbial growth rate, and the 
incubation period was then Increased from 48 hours to 68.75 hours. Further, a 
prechilled food container overcan was used for return stowage rather than the 
planned medical support system resupply container. It was determined upon in- 
spection of the returned Petri dishes that only 75 of the 2500 bacterial colonies 
■V showed any development. The experiment was reassigned for performance during the 

^ third manned period. The second performance was initiated on Day 235, earlier 

than specified, because of possible shortening of the mission. Again an extended 
incubation (88.5 hours) was performed because of the slow growth rate observed. 
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The 15 Petri dishes from each performance were returned. In the first per- 
formance, only 30 of che required 75 photographs were returned because of a film 
shortage. In the second performance, all required photographs were returned, 'ut 
the Images were soft. This was probably caused by the difficulty In maintaining 
critical focus while hand-holding the camera for closeup photography, 

12,5.10 In Vitro Imnunologv (E032) 

The In vitro Imnunology experiment (ED32) determines the effects of zero 
gravity on the antigen- antibody reaction In vitro by comparing immunodiffusion 
rings obtained In orbit to those obtained on the ground. The experiment hardware 
consists of three immunodiffusion chambers (fig. 12-60) containing agar medium 
and antibodies, three prefilled syringes containing serial dilutions of human 
antigen test inoculum, and a passive cooler in which the containers of antigens 
and antibodies are stored. The chambers are also used as receptacles for the 
Inoculum and for development of a precipitin reaction. Additional equipment 
hardware includes a 35-millimeter still camera and film, a 35-milllmeter macro 
lens, and an extension tube. 




Figure 12-60.- Immunodiffusion chamber. 

It is required that the inoculated plates have an incubation period of 22 
hours. The resulting precipitin rings are photographed in six sessions of two 
photographs per plate per session with 5-hour intervals between sessions. It 
Is required that the plates be transferred to the food chiller within 4 days after 
launch for maintenance at 5 +3°C and that the experiment be performed within 15 
days after launch. The experiment hardware is removed from the food chiller and 
transferred to a medical work area in the crew wardroom. The plates are removed 
from the passive cooler and Inoculated with a measured amount of antigen from each 



syringe. The plates are then stored at ambient temperature for incubation. 

At the end of the Incubation period, the required photography is perfonaed. 

On Day 78, the experiment hardware was transferred from the command and 
service module to the Skylab food chiller. The experiment was deployed on Day 
90. The crew reported that 5 to 10 minutes after inoculation, the agar had 
absorbed all of the antigen, which was normal. The crew reported on Day 93 that 
the final photographic sessions had been completed. They reported that "little 
round things" were clearly visible which grew during the 24- to 48-hour period 
in which photography was performed. The requirement to obtain 36 still photo- 
graphs in the designated time period was fulfilled. All time constraints on 
storage and performance were satisfied. 

12.5.11 Motor Sensory Performance (ED41) 

The motor sensory performance experiment (ED41) obtains human motor sensory 
data during prolonged weightlessness, for future mission use. The experiment 
hardware consists of a maze aiming and target assembly, a stilus, and a signal 

cable, as shown in figure 12-61. The maze 
is the eye-hand coordination type and 
contains 119 0.125-inch diameter holes 
in a delineated pattern. Uhen the stylus 
is fully Inserted into a hole, an acceler- 
ometer in the maze is shocked and a signal 
conditioned pulse Is sent over the signal 
cable for input to the Saturn Workshop 
telemetry system. The telemetry data 
contain time Information which permits 
determination of elapsed time between 
pulses. 

It is required that the experiment be performed by each crewman near the 
start, midpoint, and end of the manned period. The maze assembly is deployed on 
the workshop wardroom window shelf and the signal cable connected to a telemetry 
channel input at an Intercom. The experiment is then performed by placing the 
stylus in each hole of the maze in the prescribed sequence, as quickly as possi- 
ble, without the hand or forearm resting on the maze. A single performance com- 
prises three traverses through the maze. During the third manned period, the 
first performance was completed on Day 196 by all three crewmen. The mid-period 
performance was accomplished on Dny 224. The final performance was on Day 264. 

The experiment was performed as expected. The data returned were the telemetry 
data containing the time-correlated maze signal pulses. 

12.5.12 Web Formation (ED52) 

The web formation experiment (ED52) determines the effects of a zero gravity 
environment on the web building process of i common cross spider (arenus diadematus) 
through comparison of webs built in orbit and on the ground. 

The experiment equipment consists of two spiders, water and flies to feed 
the spiders, vials in a carrying case for transporting the spiders and food, an 
enclosure, and an automatic motion picture actuator, ilxperlment support hardware 
Includes a 35-milllmetar still camera and a I6~milllmeter motion picture camera, 
with a supply of fl.'.ai for each. Fluorescent lamps illuminate the enclosure. The 
glass viewing doors of the enclosure are opened for photography, and a rigid 








camera mount properly Locates and orients the cameras, 
generates an ultrasonic field within the enclosure. S 
field transients which are detected and signal condlti 
motion picture camera. The camera automatically stops 
of an actuation signal. 


Figure 12-62, - Spider and inflight web 
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The spiders were stowed aboard the command and service module on Day 73. 

The experiment was transferred and deployed on Day 79. The automatic motion 
picture camera actuator would not functlont so the manual mode was substituted. 

When the spider was shaken from Its vial, it fllcUcd Its legs abnormally, and 
bounced back and forth within the enclosure before affixing itself to one '•'.i. 

On Day 85 the crew reported the first web. When planned photography was com- 
pleted, the crew requested additional procedures. These were furnished, an 
alternate food supply was provided, and additional web formation was photographed 
(fig. 12-62). A completed web and the spider were stowed for return. The second 
spider was deployed on Day 105. It completed a web by Day 108 and was found dead 
on Day 126. The food supply for the first spider was replenished, but it died. 

The requirement for still photographs was exceeded by the 43 pictures ob- 
tained. Motion picture film was obtained or spider deplo}rment only. The added 
investigation included retrieval of web material and the spider bodies. The crew 
reported that the spiders did not appear to use the wretr. The constraint to de- 
ploy Che experiment within 3 days after launch was not observed because of delay 
in the overall scheduled Sky lab activities at that time. 

Aifter verification check on Day 73, the crew described to ground control the 
failure of the automatic camera actuator to operate properly in the automatic mode. 
On Day 80, a procedure was sent up to the crew for readjusting the actuator elec- 
tronics. Implementing Che procedure did not resolve the problem, so the experiment 
was perfoimed with the actuator in the manual mode. Since the urlt was not re- 
turned, the only basis for failure analysis was the crew voice tcanscript. Pri- 
mary power flow in the automatic mode was normal. Tlie camera and lights were 
turned on at initial equipment activation, and the time-delay circuitry deener- 
gized both camera and lighting circuit In Che normal design fashion. Signal flow 
In the automatic mode was not complete in th'<r the lights and camera would not 
come on again when the ultrasonic field was iui 'ntionally disturbed to check 
proper operation. The unit is complex and the iuailure experienced could be at- 
tributed to failure of any one of a number of electrical components or intercon- 
nections. Also, detuning of the local oscilliitor or a frequency shift in either 
of the ultrasonic transducers could account for the problem. No further action 
was taken to resolve the problem. The motion picture film of web formation dur- 
ing unattended periods was not acquired. 

12.5.13 Plant Growth and Plant Phototroplsm (ED61-62) 

The plant growth experiment (ED61) determines the effect of zero gravity on 
rice seed root and stem growtn. The plant phototroplsm experiment (ED62) deter- 
mines whether light can be used as a substitute in causing rice seed root and stem 
growth in the appropriate direction in zero gravity, and investigates the minimum 
light level required. 

The experiment equipment consists of an 8-compartment seed container with 
agar and a seed planter with 24 rice seeds, as shown in: figure 12-63. Experiment 
support hardware Includes a 35-mllllmeter still camera with film supply and a 
light meter. Six of the seed container compartments have windows of varying neu- 
tral density to admit light, and two compartments have no windows. All have a 
second transparent window that is opened only for photography. 

It is required that, periodically, over 12 days, eight photographic sessions 
be conducted in which pairs of compartments are photographed from the top and from 
the side for eight photographs per session. Illumination at the light-admitting 
windows of the seed container is to be at least 30 foot candles. The seed planter 
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Figure 12-63.- Seed container and planter* 


must be disposed of imnediately after seed implantation* The seed planter and 
container are removed from stowage and transferred to the workshop wardroom* 

Three seeds are planted in each of the eight compartments. The container is 
maunted in the plant growth location opposite the designated illumination source » 
and the illumination falling on the container windows is measured* Observations 
and photographic sessions are conducted periodically as required* 

On Day 237, tne seen,, were planted in all compartments except in comparti&ent 
2, and i' ^ container was installed in the wardroom* Illumination measured 5 to 20 
foot-candles. The container was discovered after the mission to have been shifted 
somewhat from its correct location. Photography was performed 2, 3, 4, 5> 6, 8, 

12, 16, and 22 days after seed planting* The glass cover plates tnd filters were 
removed on Day 262 to expose the plant to ambient atmosphere* 

The required photographic data and crew voice comnentary were obtained* All 
other requirements were satisfied except that the illumination was low and photog- 
raphy was not obtained as required on the 10 th day. Three functional discrepancies 
were experienced* The seed container was incorrectly positioned and low light 
levels resulted. Also, seed implantation of compartment 2 did not occur. These 
two problems were attributed to inadequacies in crew check lists and training* 

The third problem was that the original seed planter had to be replaced because 
of the abnormally high temperatures experienced in the Saturn Workshop before the 
first maimed period. 


12.5.14 Cytoplasmic Streaming (ED63) 

The cytoplasmic streaming experiment (ED63) observes the effects of zero 
gravity on intercellular cytoplasmic streaming in the aquatic plant, elodea. The 
experiment equipment consists of three vials containing elodea sprigs suspended 
in a nutrient agar solution, a set of microscopic slides and cover slips, and a 
pair of tweezers, all packaged in a container. Experiment support hardware in- 
cludes a microscope, microscope camera adapter, microscope mirror assembly, and a 
16-millimeter motion picture camera with film supply. 
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It Is required that the elodea vials be transferred to an area with an illu- 
mination level of at least 20 foot-candles within 3 days after launch. Photogra- 
phy of microscopic Images at 400:1 magnification is to be conducted between 5 to 
7, 12 to 15, and 21 to 25 days after launch. Fifty feet of motion picture film 
at 6 frames per second are to be acquired. The elodea vials are deployed In the 
wrkshop wardroom, and the ambient Illumination is measured. Three times during 
the mission, wet slides of plant leaves are prepared for microscopic examination 
and photography. 

The plant vials were deployed during the second manned period on Day 79, 
after 8 days of darkness. In the first observation, on Day 90, of a slide pre- 
pared from the healthiest appearing plant, no streaming could be observed. The 
experiment %ra$ rescheduled for the third manned period, and the plant vials were 
packaged lo transparent containers to keep them alive by permitting the impinge- 
ment of all available light. Exposure to direct sunlight occurred during trans- 
port in the command and service module. In the first observation during the third 
manned period, streaming could be observed in the specimen prepared from the one 
plant remaining viable. In the second observation no streaming could be detected. 

The returned data consisted of the motion picture film. Film from the second 
manned period was underexposed and unusable because the microscope had not been 
adjusted to provide adequate light for photography. Portions of the film from the 
third manned period were acceptable though no streaming was photographed. Some 
of the film was shot with the microscope eyepiece inadvertently omitted, resulting 
in too little magnification. Somt. soft focus was noted, possibly caused by an 
improperly made slide. 

The elodea plants died during both experiment attempts. In the first attempt, 
ground support personnel had anticipated the problem when the storage period went 
past 6 days of darkness and had sent the crew a test for plant viability. Ground 
testing revealed that plant viability became margins, after 8 days of darkness. 

In the second attempt, plant death was possibly caused by the direct exposure to 
sunlight after transparent storage containers had been provided to prevent repe- 
tition of the first failure. 

12.5.15 Capillary Study (FJ)72) 

The capillary study experiment (ED72) determines the effect of zero gravity 
on the characteristics of wlcking and capillary attraction. The experiment hard- 
ware consists of two capillary tube modules and a capillary wick module. Each 
capillary tube module contains Identical sets of three tubes of graduated sizes. 
Each module has a fluid reservoir, one containing water and the other oil. The 
capillary wick module contains three capillaries of twill and mesh screen with a 
reservoir of water. The mouths of the capillary devices are maintained in con- 
tact with the reservoir fluid, but capillary action is inhibited by a lever- 
controlled valve until experiment activation. The experiment support hardware 
includes a 16-mllllmeter motion picture camera with film and a portable timer. 

It is required that thruster firings and control gyro desaturation maneuvers be 
inhibited during experiment operation. Up to 100 feet of film data of the opera- 
tional sequence are to be acquired. 

The three capillary modules are deployed on the workshop wardroom worktable. 
The camera is installed on the mount, and the portable timer is positioned so that 
the readout is in the camera's field of view. The screen wlcking assembly Is 
activated first. Time and motion picture data are obtained during wlcking action. 

A maximum of 11 minutes is allocated. The same performance sequence is employed 
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for the water and oil capillary tube modules with maximum time allocations of 30 
seconds for the water and 16.5 minutes for the oil. 

0;>eration of the experiment wlcking modules was Initiated on Day 225. Little 
or no wlcking action was observed over an extended observation period of 2.5 hours. 
The %flcklng module was then moved and a complete wlcking action thereby initiated, 
although no film data were obtained. On Day 242, the capillary tube modules were 
activated, but no capillary action occurred. The returned data consisted of a 
small amount of film showing the very little initial wlcking that occurred and a 
sketch by a crewman of the wlcking observed after 27 minutes, after 1 hour 47 
minutes, and after 2 hours 44 minutes following activation. 

Wlcking and capillary action failed to occur when the modules were activated. 
Inspection of the stowage area by the crew revealed evidence of fluid leakage. 

A procedure to refill the reservoirs was sent up, but the crew had discarded the 
modules. The hardware was not returned for analysis, so the cause of leakage can 
only be hypothesized. Some leakage problems were experienced during hardware 
development. Several possible locations and causes for the leakage were postu- 
lated, however, no specific cause can be identified except the abnormal combina- 
tions of temperature and pressure. 

12.5.16 Mass Ifeasurement (ED74) 

The mass measurement experiment (E074) demonstrates the measurement of mass 
in zero gravity and how the laws governing siiq>le harmonic motion are applied In 
Che Skylab specimen mass and body mass seasurement devices. The experiment hard- 
ware consists of a c^tilevered spring 
beam firmly attached to a frequency coun- 
ter (fig. 12-64), six weights, and a data 
table. A means Is provided for attaching 
the weights to the free end of the beam. 

A strain gage senses beam oscillation and 
provides a signal to the frequency counter 
which has a visible readout of the period 
in seconds. The data table correlates 
period measurements to mass as calculated 
using the beam spring constant measured on 
Earth. The experiment siq>port hardware 
includes a 16-millimeter motion picture 
camera and film supply. The experiment 
requires four mass measurements using up 
to six masses, and one measuremoit using only the calibration mass. It requires 
photographic coverage of each measurement at 24 frames per second for 50 oscil- 
lations after Initial beam deflection, ilass measurements are not to be performed 
during Skylab attitude maneuvering. 

The experiment hardware Is bolted to the workshop film vault for operation. 
Motion picture film is obtained of beam deflection and oscillation for each mass 
measurement of the weights affixed to the beam. The camera Is pointed to Include 
the counter display In the field of view. The experiment was performed on Du/ 

106. Five mass measurements were made and the required motion picture photography 
performed. All experiment requirements and constraints were satisfied. Period 
data returned over the voice link are shown together with premission calculated 
period data In table 12-V. Performance of the experiment was as expected. The 
3 to 4 percent difference between calculated and flight-measured data Is attrib- 
uted to inexact knowledge of the beam's physical properties. The returned data 
also included 90 feet of motion picture film. 



Figure 12-64.- Hass measurement 
device. 
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12.5.17 Neutron Analysis (ED76) 


The neutron analysis experinent (ED76) neasures the ambler t neutron flux and 
determines the relative sources of this flux from high energy solar neutrons. 
Earth albedo neutrons, and cosmic ray secondary neutrons. 


Table 12-V.- Mass Measuremrat Data 

TNIhlft 12-V.- Mu« Wmiuft Omtm 
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OoHod, second 
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The experiment hardware consists of 
10 neutron detectors (fig. 12-65) with 
carrying cases. Each neutron detector 
consists of a layer having panels of bis- 
muth, thorium, uranium, cadmium covered 
U-235, and B-10 fissionable foils. A 
boron panel is also included. Parallel to 
the layer of panels and in intimate contact 


with it is a recording layer of solid 
dielectric material. An aluminum 
slide separating the paneled layer 
from the recording medium is removed 
when the detector is activated. Mien 
the foil elements undergo fission 
caused by neutron impingement, they 
emit charged fission frag^ients. Simi- 
larly, the borou is activated by neu- 
tron radiation and undergoes radio- 
active decay, anltting alpha particles. 
These emissions produce damaged polymer 
dielectric recording layer. The 
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Figure 12-65.- Neutron detector. 


chains in the crystal structure of the 
paths are subsequently etched out chem- 
ically, and the particle path is observed under the microscope. The detectors 
must be deployed throughout the Sfcylab interior td.thin 5 days after launch and 
remain a minimum of 18 days. Pour are returned at the end of the first manned 
period and the remainder at the end of the third manned period. The detectors 
are deployed throughout the forward compartment and dome areas of the workshop. 
The aluminum slide is removed from each detector to activate it. 


The detectors were deployed on Day 18. Four were deactivated for return on 
Day 38. The remainder were deactivated for return on Day 264. Preliminary data 
analysis performd on the four detectors returned after the first aenned period 
indicated that the observed track densities were significantly greater than pre- 
dicted. As a r'^sult, an 11th detector was launched and deployed in the command 
and service module during the third manned neriod. 

The returned data were the 11 detectors. Tnere were indJ .ations that the 
tracks in the high energy bismuth and thorium recording media may have been biased 
by proton Induced fission. The detector located in the command and service module 
provided better data for modifying the Skylab neutron flux sources, since this 
location is least affected by the Saturn Workshop water tanks. 

12.5.18 Liquid Motion in Zero Gravity (ED78) 

The liquid motion in zero gravity experiment (ED78) examines the dynamic re- 
sponse of a liquid and gas interface in a zero gravity environment when subjected 
to a pseudo-impulse. The experiment hardware is a liquid motion module having 
two sections, as shown conceptually in figure 12-66. One section is a gas and 
liquid chamber with a viewing port for photographic purposes. It contains a 
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liquid V ting agent nixed with dye in which an air bubble Is Inserted. The 
chamber is sealed by a flexible dlaphragn at a pressure of one atnosphere* The 
other section contains a piston and a piston retention and release aechanlsa. 

The piston maintains pressure on the diaphragm until Is Is released in the Skylab 

5-psla atnosphere, imparting an iapulse 
Caw>m$ed spring to the liquid and gas interface. Ejq>erl ■ 
ment support hardware includes a 16- 
aillimeter motion picture camera with a 
film simply and a camera mounting bracket. 
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Figure 12-66.- Liquid notion 
module functional diagram. 


It is required to obtain vp to 100 
feet of motion picture film at 24 frames 
W' second of the liquid and gas Interface 
when subjected to the Impulse. Skylab 

attitude maneuvers are not to be performed during the experiment. An atte-*'r was 
made to perform the e:i^riment <m Day 111. The crew reported that although the 
iMcotssary photography was accomplished, no impulse was obsexi,ed when the piston 
was released. The crewman conmented t^t the pressure on the gas and liquid ap- 
peared to have been previously released. It was concluded that a hardware failure 
had occurred that would preclude completion of the eiqteriment, so no further 
experiment activities were scheduled. 

None of the returned data supported the experiment objectives. Mo violation 
of the constraints was detected. The piston failed to ia^>art an impulse to the 
liquid and gas interface. The crewman attempted to reset the piston and reestab- 
lish the pressure differential without success. He could then observe that the 
diaphragm was damaged. Fluid loss %ms not evident nor could change in size of 
the gas bubble be detected. The hardware was not returned for analysl*^. It can 
be hypothesized that the low internal Skylab pressure and elevated temperature 
experienced before the first manned period could have caused an excessive differ- 
ential pressure across the diaphragm resulting in its eventual rupture. It has 
been proposed that fluid mechanics data pertineat to this experiment from the water 
drop science demonstration be furnished to the student investigator. 

12.S.19 Microorganisms in Varying Gravity (ED33) 

The microorganisms in varying gravity experiment (ED33) determines the effects 
of varying gravity leveiq.upon certain organisms', growth rate, development process, 
and ability to survive. The investigation uses a centrifuge to subject specimens 
to a carefully controlled regime of acceleration-time profiles. The cueperiment is 
incompatible with Skylab because of the excessive voluise, electrical power, hard- 
ware complexity, and crew time required for inplementatlon. Ac alternate arrange- 
m«it was made to provide the student investigator with data from the Slqrlab En- 
vironmental Microbiology Detailed Test Objective for study. This activity re- 
quires the acquisition and return of 30 hardware, 12 crew body, and 2 atmospheric 
microbiological samples. 

12.5.20 Chick Embryology (ED51) 

The chick end>ryology experiment (ED51) studies the embryologlcal development 
of chick eggs Incubated in zero gravity, and conqpares the motor cooxdinatlon and 
vestibular function of a space chick with an Earth chick. Fertile eggs are 
launched and incubated in the workshop incubator. Development is terminated at 
specific times and the eggs returned. In one case, a chick is hatched and its 
behavior observed and photographed before its return. The experiment is incom- 
patible with Skylab because of its excessive launch volume and hardware complexity. 
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AH arrangement was provided for the atudent investigator to study the data from 
the circadian rhythm, pocket nice, experiment (S071). 

12.5.21 Brownian Motion (ED73) 

The Brownian motion experiment (ED7S) is a qualitative evaluation of the ef- 
fects of a sero gravity environment on Brownian motion. A crystal of copper sul- 
phate is slowly immersed in a constant tea^rature liquid, held in place, and al- 
lowed to dissolve. Periodic photographs are made of the dissolving salt crystal. 
Skylab is unable to provide the absolutely stable operating site for the time 
periods up to 1 month that the experiment requires. An arrangement was provided 
for the student investigator to study data from the stellar astronomy experiment 
(S019). 


12.5.22 Oolversal Gravity (ED77) 

The universal gravity experixKnt (BD77) determines the universal gravitation 
constant in a null-gravity environment. A portable Cavendish balance is installed 
in Skylab, and the motion of the calibrated spheres is measured as a function of 
time. Ihe experiment is incompatible with Slgrlnb in that accelerations from the 
Slqrlab control mode operations greatly exceed the expected accelerations of the 
Cavendish balance spheres. An arrangement was provided for the student investi- 
gator to study data from the crew vehicle disturbance experiment (T013) . 

12.6 SCIENCE OEMONSTRATIGNS 

The 8cler.ce demonstrations were developed for Slylab to demonstrate scien- 
tific principles suitable for educational programing. A hardware kit for 13 
demonstrations was launched for the second manned period. These demonstrations, 
devised at Johnson Space Center and not discussed herein, are shown in table 
12-VI. 

During the midportion of the second 
manned period, the crew requested more 
activities as they %nre acconq>li.shlng 
scientific activities in less than the 
time allocated. Marshall Space Fllj^t 
Center developed the diffusion in liquids 
(SD15) and ice melting (SD16) science 
demonstrations to use onboard hardware 
and provided the crew with operating pro- 
cedures. Ihese demonstrations were per- 
formed and are discussed in this report 
with the other 15 demonstrations prepared 
by Marshall Space Flight Center uhat were 
planned for the third manned period. Of 
those prepared for the third manned period, 
all except the gyroscope (SD28) and orbital 
mechanics (SD30) demonstrations were in- 
tended to provide scientific data. The 
data were returned through the Skylab television, film caaiera, and audio systems. 
In some cases, material samples were brought back to Earth by the crew. 

The science demonstration procedures included an addendum for the television 
operations book, and the assigned television designation numbers are Included 
with the science demonstration number. 


Table 12-VI.- Science Demon- 
strations Launched with the 
Second Crew 


SOI 

C avity gradient effects 

S02 

Haptic torque 

$04 

Noeentum effects 

SOS 

Energy loss and angular aomentiN 

S06 

Bead chain 

S07 

Have transmission reflection 

SD8 

Wilberforce pendulum 

SD9 

Water drop 

S010 

Fish otolith 
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Electrostatic effects 

S012 

Magnetic effects 

SOI 3 

Mastic electrostatic effects 

SOU 

Airplane 
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12.6.1 Fluid Mechanics Series (SD9-TV107) 

The fluid mechanics series demonstration (SP9) is used to investigate the 
behavior of fluids in low gravity. The demonstration instructs the crew to 
perform a series of experiments with free floating fluids and fluids attached to 
surfaces. Oscillation damping times, surface wetting characteristics, droplet 
impact and coalescence, vortex formation and damping, and rotation of free 
floating fluid globules are recorded by the crew. All hardware for the demon- 
stration except a blow tube was already onboard Sky lab* The crew u£«d syringes, 
thread, soap, various coloring agents, wire, cans, and other operational equip- 
ment, including the spider ei^erlment cage, at their discretion. 

Television recordings of this demonstration were made on Days 237, 254, and 
258. The first day's demonstration Included oscillations in free floating water 
globules, liq>act coalescence, globule rotation, and formation of internal vortices 
in the globule. Also, the newly invented zero gravity drinking cup was demon- 
strated, and the first drink from an open cup in zero gravity was taken. For the 
second performance, the crew demonstrated oscillations with the globule on a 
thread, by squeezing the globule with nonwetting tools and suddenly releasing it. 

Tne recorded television data showed that squeezing and suddenly releasing the 
globule was siore effective in demonstrating oscillation than the planned pro- 
cedure of simultaneously removing syringe needles from the globule. Further 
oscillatory motions were demonstrated with air and then with soap injected Into 
the globule. For the last performance, the crewman used two cans with three 
threads stretched between them. He placed the globule on the strings and rotated 
the globule until it separated. He then maneuvered the globules into a collision 
to observe coalescence. Coalescence did not always occur; sometimes the globules 
collided and bounced apart. 

The hardware associated with this demonstration performed well. The data 
acquisition camera could not be used to obtain motion pictures because it jammed; 
however, approximately 2 hours of excellent television recording was made. 

12.6.2 Diffusion In Liquids (SD15-TV115) 

The diffusion in liquids demonstration (SD15) is used to obtain low gravity 
data on mass diffusion and to demonstrate the slowness of molecular diffusion in 
the absence of convective mixing. Tea is prepared and Injected into the fiber 
wad portion of a discarded forceps container cap. The transparent container is 
then filled with water. The tea and water are brought together into an Interface 
without residual motions. The diffusion of the dark tea into the water is re- 
corded by the 16-mllllmeter motion picture camera, with the portable timer in 
the field of view. 

The demonstration was perforaed four times on Day 241. The first three at- 
tempts were unsuccessful in achieving the desired liquid Interface; however, the 
fourth attempt succeeded. The following day, the crew reported on at least three 
occasions that no diffusion had occurred. The crew was instructed to begin the 
demonstration again. In the fifth and final setup, an interface was formed with- 
out mechanical disturbance. Diffusion was photographed, a few frames at a time, 
over a 3-day period. Diffusion occurred, taking an unexpected bullet shape with 
little or no diffusion occurring along the walls of the transparent container. 

The returned data were the 16-mlllimeter film with voice transcripts providing 
background information and a description of setup problems. . Film Images were out of 
focus because of a procedural error, and viewing was difficult but not Impossible. 
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12.6.3 Ice Melting (SDl6-mil) 

The ice melting demonstration (SD16) is used to observe the temporal pro- 
gression of the liquid-solid interface in a melting material and to obtain data 
far thermal analysis of zero-gravity melting. The surface tension effects 
demonstration is used to observe changes in the shape of a spherical water 
globule when soap is added to one side to lower the surface tension on that side. 
Water is frozen in a large plastic pill dispenser and its melting is photo- 
graphed. A timer and scale are placed in the camera’s field of view to permit 
postflight determination of the melting rate and quantitative evaluation of the 
changing liquid-solid interface. The weight of the ice cube and container is 
determined and a small piece of paper is stuck to the ice surface to permit 
observation of fluid motion as the ice melts. During the surface tension effects 
demonstration, liquid shower soap is used to change the surface tension of the 
water globule. A 5 cm3 syringe is used to inject grapejuice and air into the 
water globule. 

The ice was removed from the container using a dry swab that had been frozen 
in to facilitate handling. The ice cylinder was then attached to tape «diile the 
melting process was observed. Photograph? were taken at 5-minute intervals 
throughout the approximately 3 hours required to melt the ice. Liquid shower 
soap was then sq>plied to the side of the resultant water globule. However, the 
soap spread so rapidly Over the surface of the globule that no shape change was 
detected. A few drops of grapejuice were added with no apparent change to the 
globule. The crew then elected to inject air into the globule, and discovered 
chat small, relatively uniformly sized bubbles were formed. As air was Injected 
more bubbles formed until the globule was full of little bubbles. As more air 
was Injected individual little bubbles broke through the surface, sending little 
bits of the liquid into the workshop environment. 

The 16-mlllimeter film was returned from this demonstration. Development of 
the film revealed that the Images were out of focus. Voice transcripts and the 
postflight crew comments provided valuable descriptive information, particularly 
for the surface tension effects demonstration. 

12.6.4 Ice Formation (SD17-TV112) 

The ice formation demonstration (SD17) is used to observe the freezing char- 
acteristics of containerless water and aqueous solution globules. Specific in- 
terest is to observe the distribution Oi. bubbles formed when dissolved gases 
come out of solution, the segregation of solute, the effects of expansion, the 
time of freezing, and the freezing of a water droplet on a sphere of ice. This 
demonstration uses hardware already onboard Skylab. Two globules of water are 
suspended on a string attached inside a comer of a food freezer. One globule 
is clear water and the other is dyed with an onboard solute. The globules are ob- 
served and photographed during freezing. After they have frozen, a small drop of 
water is placed on one of the ice spheres, and the behavior of the drop observed 
and photographed. Returned data were to be 35-mill Imeter photographs. The demon- 
stration, however, was not performed because of the lack of crew time. 

12.6.5 Effervescence (SD18-TV113) 

The effervescence demonstration (S018) is used to observe bubble formation 
in an effervescent reaction in low gravity. Another objective, related to zero 
gravity flammability studies, is to determine Aether or not the reaction is 
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self-quenching as the bubble grows. A transparent container, selected by the 
crew, is filled with water, an effervescing tablet is inserted, and the reaction 
is observed. This demonstration was not performed because of insufficient crew 
time. 


12.6.6 Imnlscible Liquids (SD19-TV102) 

The loiBlsclble liquids demonstration (SD19) is used to examine the behavior 
of immiscible liqtilds in zero gravity and to determine the time of coalescence. 
Three identical, transparent vials are provided, each containing different pro- 
portions of clear oil and colored water. The proportions are 25, 50, and 75 
percent Krytox 143 AZ oil, with the remaining volume filled with water. A small 
brass nut is included in each vial to stir the liquids when shaken in zero grav- 
ity. The vials are assembled in a frame so that they, can be either shaken, 
centrifuged, or photographed simultaneously. Hand-held photography using a 
35-millImeter still camera with an extension tube is performed over a 24-hour 
period after agitation of the vials. 

The demonstration was performed on Day 235. The liquids were separated by 
centrifugal motion and then shaken to initiate mixing, ^e frame of vials was 
mounted and long term coalescence photography was started. Three photographs 
were taken at 30-second intervals, five at 2-minute intervals, and one photograph 
after 1, 2, 5, and 10 hours. Photography was terminated at that time because of 
a time conflict in the use of the 35-milllmeter camera. Beyond the normal video, 
returned data were the 35-milllmeter photographs and verbal comments. The pho- 
tographs were poor, possibly because of lighting or focusing problems, but some 
useful data may be extracted using densltometric scanning techniques. 

12.6.7 Liquid Floating Zone (SD20-TV101) 

The liquid floating zone demonstration (SD20) is used to examine the sta- 
bility of a liquid zone surface in low gravity under rotating conditions and 
axial accelerations and to Investigate the fluid dynamics of the liquid Zone 
interior under rotating conditionj. The demonstration is performed by placing 
a water globule of measured zone size between two circular wetting surfaces that 
can be rotated about a common axis normal to the surfaces. The surfaces can be 
rotated singly or simultaneously, in the same direction or in opposite directions, 
and at various rotational velocities. The demonstration setup is arranged using 
onboard universal mounts and socket set extensions with items from the science 
demonstration kit. Rope particles, tea, grapejulce, and strawberry drink are 
used to provide visual tracers in the liquid so that internal fluid motion can 
be observed. 

The crew began the demonstration on Day 243 and performed 26 runs until the 
conclusion on Day 247. The demonstration was set up as expecteo except that some 
undesirable wetting of the disk edges occurred. This was controlled by applica- 
tion of Krytox grease, to the edges. Video data were satisfactory except that 
procedural oversights in the television system operation resulted in the loss of 
video data for six runs. The instability of the liquid zones at Increased 
rotational velocities was generally manifested by the entire zone's taking on a 
"Jump rope" shape that swung around the axis of rotation. The effect of arti- 
ficial gravity created by centrifugal force in the rotating liquid zone was 
observed on ice and air bubbles. These bubbles moved toward the axis of rota- 
tion. 
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12.6.8 Deposition of Silver Crystals (SD21-TV106) 

The deposition of silver crystals demonstration (SD21) shows crystal growth 
by chemical reaction in low gravity to compare crystals grown in low gravity with 
those grown In normal Earth gravity. The crewman places copper wire, with breaks 
in the coating to provide reaction sites, in a dilute silver nitrate solution 
and observes silver crystal growth. Photographs are taken at Intervals of ap- 
proximately 6, 24, and 72 hours to encompass the anticipated crystal growth period. 

Approximately 10 hours after initiation of the demonstration, the first two 
photographs of the crystals were taken with a 35-mllllmeter Nikon camera with the 
55-mlllimeter lens and K-1 adapter. At approximately 24 hours into the crystal 
growth cycle, a second set of two photographs was taken. The final set of three 
photographs was taken approximately 72 hours after initiation. The crew commented 
that the greatest growth rate was in the first 24 hours, with masclmum growth 
reached between 24 and 48 hours. 

The returned crystals were the principal data from this demonstration; how- 
ever, the vial was dropped while being unwrapped and the silver crystals were 
broken off of the wire. Supplemental data were to be derived from photographs 
and the crew's description, but the 35-mlllimeter magazine which contained all 
of the photographs was blank. The reason for the blank film has not been estab- 
lished. Some of the Individual crystals from the vial may be recoverable; how- 
ever, the crew comments and descriptions provide the only record of their appear- 
ance and distribution on the wire. 

12.6.9 Liquid Films (SD22-TV103) 

The liquid films demonstration (SD22) consists of forming liquid films in 
zero gravity and observing their lifetime. A crewman, using a syringe, forms 
liquid films by injecting a water or soap and water globule Into expandable, 
two-dimensional, wire frames. He then expands the frames to form films of dif- 
fering area size. The crewman also forms films by immersing three-dimensional, 
cube or tetrahedron, wire frames In a container of the liquid. He withdraws and 
shakes the frames to remove excess liquid until separate films are formed in each 
of the frames. The lifetime of the films Is observed. 

The demonstration was performed on Day 256. Using water, the crewman could 
expand the two-dimensional frame to 1.5 to 2 Inches in diameter. Using a 40:1 
soap and water solution, he could obtain 6- to 6.5-lnch diameters. With the 
three-dimensional frames, it was best to remove the frame from the liquid slowly. 

It proved difficult to remove all of the center globules of liquid and still 
retain a film to each of the sides. The three-dimensional frames produced films 
chat were relatively short-lived. The crew reported a maximum film llfetlve of 
1 minute with the cube frame. The video data were of fair quality and could 
perhaps have been lnq>roved by better lighting and use of the accessory closeup 
lens on Che television camera. 

12.6.10 Lens Formation (SD23-TV116) 

The lens formation demonstration (SD23) Is used to observe formation of 
lenses shaped by surface tension under zero gravity conditions and to obtain 
preliminary data on the optical properties of lenses formed by surface tension. 

The crewman forms maximum and minimum sized wafer lenses on a wire loop and 
records their shapes with edge-view photographs using a 35-mlllimeter still 
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camera. He takes photographs through the lenses to determine focal lengths and 
other optical properties. Lenses are also formed from a soap solution during 
this portion of the demonstration. In addition, the crevnnan examines the optical 
properties of a wafer prism defined by a bent wire shape. Finally, the crewman, 
by allowing melted soap to cool on the wire frame, forms a soap len.^^ for return 
and postmlsslon examination. The demonstration was not performed because of 
insufficient crew time. 

12.6.11 Acoustic Positioning (SD24-TV114) 

The acoustic positioning demonstration (SD24) tests the use of a combination 
of radiated and reflected sound pressure waves to position and control the motion 
of small particles in zero gravity. Two tones of 2 and 3 kilohertz were prere- 
corded on a cassette for 5 minutes each on the ground and sent with the third 
crew. The crew builds a suitable reflector using miscellaneous material onboard 
Sky lab. The cassette Is played aboard Skylab and the reflector positioned to 
produce a standing wave. Small drops of water are released near the reflector. 

The drops are expected to move to an sntlnodal point where they may coalesce Into 
a larger globule. Returned data are television recordings and crew comments. 

The demonstration was not performed, however, because of the lack of crew time. 

12.6.12 Gyroscope (SD28-TV104) 

The gyroscope demonstration (SD28) Is used to show the behavior of a gyro- 
scope in zero gravity. The gyroscope Is a standard toy version modified to suit 
the objectives and to loeet materials and safety requirements. The gyroscope 
wheel is spun up and various forces are applied to it to show translation and 
rotational effects. 

The crewman showed the unstable motion of a nonspinning gyroscope, demon- 
strating that after a force was applied the gyroscope translated and tumbled. 

He then spun-up the gyroscope and showed that the gyroscope translated after a 
force was applied, but that it did not tumble or drift In rotation, and It ro- 
tated only v^lle the torque was applied. Precession at three wheel speeds was 
also demonstrated. First, at high speed the gyroscope precessed at approximately 
90 degrees from the direction of the applied forces, with little wobble intro- 
duced. At an intermediate wheel speed, a little more wobble was Introduced. At 
very slow speed, the resultant precession was about 20 degrees from the theoretical 
90 degrees. The returned data were the video recording and the accompanying voice 
recordings. Both were cf excellent quality. 

12.6.13 Cloud Formation (SD29-TV118) 

The cloud formation demonstration (SD29) is used to investigate the lifetime 
history and dynamics of an expansion cloud in zero gravity. Cabin atmosphere is 
compressed In a closed transparent chamber, and, after the gas reaches thermal 
equilibrium, the gas is expanded and the formation, motion, coalescence, and 
lifetime of the water droplets (cloud) are observed. The demonstration is photo- 
graphed with the 16-mllllmeter data acquisition camera and, at crew option, is 
recorded with the television system. 
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The crew tried many times to make a cloud form in the cnamber, but the re- 
sults were negative. Droplets formed on the chamber walls, but a cloud in the 
i gas was never visible. Supersaturation of the gas and a wide range of compression 
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hold times were tried without success. Since a cloud was never observed, 
photographs and applicable crew comments were never made. 

12.6.14 Orbital Mechanics (3D30-TV110) 

The orbital mechanics demonstration (SD30) demonstrates some of the prin- 
ciples of orbital mechanics. A crewman suspends three balls inside the workshop 
"in mid-air" without support. The balls are monitored by television while Sky- 
lab is accelerated during a trim burn. 

The demonstration was performed on Day 253. Before the demons tiatlon, the 
crewman pointed out the reason for the trim burn and explained how he had seen 
itemr move inside the workshop during previous trim bums. The balls were sus- 
pended in front of a television camera. When the maneuver began, the balls 
moved quickly out of the camera's field of view while the crewman described 
the demonstration: "... the balls are floating freely but they appear to move 
relative to the workshop because the workshop is moving." Returned data from 
the demonstration were the video recording and the acconq>anying voice recording. 
These were of good quality and should be usable as educational material. 

12.6.15 Rochelle Salt Growth (SD33-m05) 

In the Rochelle salt growth demonstration (SD33) Rochelle salt crystals are 
grown by precipitation from a saturated solution in zero gravity. The Rochelle 
salt (sodium potassium tartrate) consists of a 26-gram seed crystal plus enough 
sacrificial crystals to maintain a saturated solution up to 71**C. The solution 
is placed in large Skylab food cans with transparent taps and is heated to ap- 
proximately 65 °C. As the mixture is allowed to cool slowly, additional material 
precipitates on the seed crystal. 

After heating the solution and allowing time for gradual cooldown, the crew 
reported that a satisfactory crystal had formed. The flat, layered crystal was 
photographed, removed from the can, wrapped in a facecloth, and returned for 
analysis of the ferroelectric hysteresis characi Istlcs to determine the quality 
of the crystal. Reflection and poor visibility of a clear crystal in a white 
can prevented adequate photography and video recordings of the crystal. The crew's 
description of the crystal was highly valuable, particularly in view of the in- 
ability to photograph the freshly grown crystal, and Indicated that the crystal 
dissolved somewhat during the 30 days that it remained in the solution after 
growth. 


12.6.16 Neutron Environment (SD34-TV108) 

The neutron environment demonstration (SD34) measures the intensity and 
spectrum of neutrons near massive and nonmasslve objects in Skylab. Five metal 
samples susceptible to neutron activation at various energy levels are enclosed 
in a cloth packet. The samples ace hafnium, nickel, titanium, tantalum, and 
cadmium-covered tantalum. The samples are approximately 2 centimeters square by 
0.32 centimeter thick, except for the cadmium-covered tantalum, which is somewhat 
larger because it is encapsulated to prevent the cadmium from outgasslng. Four 
packets are deployed near massive and nonmasslve objects aboard Skylab. The 
neutron flux is determined by postflight analysis of the returned samples. The 
results of the gamma ray analysis will be combined with the known activation 
cross-sections of the sample materials. From this, the time- Integrated neutron 
environment at each sample's location aboard Skylab can be determined. 
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The four packets were deployed on Day 191. The two deployed near massive ; 

objects were taped to a film vault drawer and a water tank. The two deployed 
near nonmasslve objects were taped to the workshop walls in the sleep compartnent >■ 

and forward dome. Photographs of the deployed packets were made to record the 
Installation location. The packets were deployed for 76 days; then they were ; 

taken down for return to Earth. ; 

12.6.17 Charged Particle Mobility (SD35-TV117) ^ 

The charged particle mobility demonstration (SD35) observes and photographs 
separation of sedimenting and nonsedlnenting particles In solution under the t 

Influence of an electric field in a low gravity environment. A potential of 28 
vdc is applied across each of two fluid coli:.nns, one of red blood cells and the 
other o^ protein, and the migration of the particles is observed. The potential 
is reversed, and the migration of particles In the opposit*! direction Is ob- 
served. The specimens are contained in a charged particle mobility device con- ; 

slsting of two cells, each with reservoirs at the ends of a sample tube. A ] 

manually operated gate valve is located at the entrance to each tube. Electrodes 
are Immersed in the fluid at each end of the tube. Cell 1 contains human blood ; 

and cell 2 contains two proteins. The tube for each cell contains two buffer 
solutions to produce a unlfoirm diffusion front when the cell Is operated. Elec- 
trie power is obtaired from the laboratory power system. ^ 

Special equipment for the demonstration was launched with the third crew. 

The samples were to remain refrigerated but were misplaced in the transfers from 
the command module to the Saturn Workshop. Consequently, the samples were unre- 
frigerated for 2 weeks. The demonstration was performed on Day 207. The red •; 

blood cell sample demonstration was performed first and was subsequently repeated 
after the second sample demonstration was performed. The first run was per- 
formed without having removed the bubbles from the solution. In both demonstra- ^ 

tlons using the rad blood cell sample, the cells showed movement. Nliieteen i 

35-millimeter photographs were taken during these two demonstrations. No move- 
ment was seen within the protein sample. Eight 35-milli meter photographs were 
taken while it was being performed, even though the crewman could not observe \ 

any migration within. ;; 

The demonstration hardware performed as expected. Twenty-seven 35-milll- 
meter photographs of the demonstration performance were returned along with tae ; 

recorded crew comments. The lack of refrigeration of the sample for almost 2 t 

weeks adtrersely affected the results of the demonstration. The red blood cells ^ 

may have been destroyed, so the data on these were degraded. The two proteins 
hud probably broker down, so no meaningful data were obtained from that sample. 
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